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Résumé 
Le paludisme reste l'une des plus redoutables maladies infectieuses avec plus de 200 millions 
d'infections et près de 430 000 décès chaque année, principalement des enfants de moins de 
5 ans vivant en Afrique subsaharienne. L’espèce Plasmodium falciparum est responsable de la 
grande majorité de la mortalité.  
Le contrôle de l’endémie palustre reste encore aujourd’hui un problème majeur de santé 
publique, notamment à cause des résistances aux antipaludiques développées par les parasites. 
L’apparition de ces résistances s’opère par la pression de sélection médicamenteuse, et leur 
diffusion progressive se fait principalement via le déplacement des hôtes infectés. Cependant, 
la dynamique d’émergence, de diffusion et de persistance des parasites résistants résulte 
d’interactions complexes entre les antipaludiques, l’Homme, le parasite et le vecteur.  
Le travail présenté ici participe à la démarche de lutte contre le paludisme en proposant tout 
d’abord un état des lieux de la résistance de Plasmodium aux antipaludiques utilisés au 
Cameroun, avec des outils moléculaires, phénotypiques et cliniques. Une deuxième partie 
explore, in vitro, les possibles conséquences d’une utilisation prolongée des dérivés 
d’artémisinine sur le phénotype de P. falciparum, alors que la résistance à cette molécule est 
déjà installée. Le modèle in vitro utilisé a  permis de mettre en évidence un nouveau profil de 
pluri-résistance suite à des pressions continues à l’artémisinine. Enfin, une dernière partie de ce 
travail analyse le rôle du moustique dans l’épidémiologie des résistances et montre que la 
sporogonie favoriserait la diffusion des allèles minoritaires, résistants ou non, présents chez 
l’Homme. 
L’ensemble de ces travaux confirme la multiplicité des facteurs agissants sur la dynamique de 
résistance et la complexité de leurs interactions rendant toute prévision très spéculative. Même 
si une meilleure connaissance des phénomènes sociétaux, épidémiologiques, biologiques et 
pharmacologiques impliqués dans les résistances reste une priorité, la surveillance 
phénotypique et génotypique régulière sur le terrain apparait à ce jour, le meilleur outil pour 
adapter au mieux les stratégies de contrôle du paludisme. 
 
Mots clés : Plasmodium falciparum, Cameroun, résistance, antipaludiques, artémisinine, 
marqueurs moléculaires, transmission, moustique, Anopheles   
   
Abstract 
Malaria remains one of the most terrible infectious diseases with more than 200 million 
infections and 430,000 deaths each year, mostly children under five years old in sub-Saharan 
Africa. Plasmodium falciparum is responsible for the vast majority of malaria mortality cases. 
Control of malaria still remains a major public health problem, in particular because of 
resistances to antimalarials that parasites developed. The apparition of these resistances is due 
to the drug pressure, and their progressive diffusion is mainly via the travelling of infected 
hosts. However, the dynamics of emergence, diffusion and persistence of resistant parasites 
result from complex interactions between the antimalarials, the Human, the parasite and the 
vector. 
The work presented here participates in the malaria control process by first proposing an 
inventory of Plasmodium resistance to antimalarials used in Cameroon, thanks to molecular, 
phenotypic and clinical tools. A second part explores the possible consequences of prolonged 
use of artemisinin derivatives on the P. falciparum phenotype, in areas where resistance to this 
molecule is already established. The in vitro model used showed that continuous artemisinin 
pressures induced a new pluri-resistance profile. Finally, a last part analyses the role of the 
mosquito in the epidemiology of resistances and shows that the sporogony favours the diffusion 
of minority alleles, resistant or not, presented in humans. 
All this work confirms the multiplicity of forces acting on the dynamics of resistances and the 
complexity of their interactions making any prediction very speculative. Even if better 
knowledge of the societal, epidemiological, biological and pharmacological phenomena 
involved in resistances is a priority, regular phenotypic and genotypic surveillance in the field 
remains the best tool for adapting malaria control strategies 
 
Keywords: Plasmodium falciparum, Cameroon, resistance, antimalarials, artemisinin, 
molecular markers, transmission, mosquito, Anopheles 
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Le paludisme reste aujourd’hui encore la maladie parasitaire la plus fréquente sur la planète 
avec, en 2015, 3,2 milliards d’habitants exposés au risque d’infection, 212 millions de cas de 
paludisme et 429 000 décès dans le monde dont 303 000 enfants âgés de moins de 5 ans. La 
majorité des cas de paludisme (90%) surviennent sur le continent africain (WHO, 2016b). En 
l’absence de vaccin efficace, la chimiothérapie reste la seule arme pour lutter contre les 
infections à Plasmodium, notamment contre P. falciparum, l’espèce responsable de la plupart 
des décès. Les antipaludiques contenant des quinoléines ont été longtemps utilisés. Pendant 
plusieurs dizaines d’années, la chloroquine (CQ) constituait le traitement standard contre le 
paludisme. Ce succès de la CQ associé à des programmes d’assainissement ou d’utilisation 
massive d’insecticides (de type dichlorodiphényltrichloréthane, DDT) dans les années 1960s a 
ainsi conduit à la disparition du paludisme dans le Sud de l’Europe, au Moyen-Orient et en 
Amérique du Nord, et une forte réduction de la morbidité palustre dans toutes les régions 
subtropicales. Malheureusement les efforts de contrôle du paludisme ont été contrecarrés par 
l’apparition de moustiques résistants aux insecticides et de parasites résistants à la CQ, 10 ans 
seulement après son introduction. Aujourd’hui, la résistance à la CQ s’est propagée à travers le 
monde rendant cette molécule inefficace sur la plupart des souches de P. falciparum. Ce 
phénomène s’est ainsi répété pour les autres antipaludiques, de structures chimiques différentes 
ou non, utilisés par la suite (sulfadoxine-pyriméthamine (SP), proguanil, halofantrine, 
méfloquine (MQ)) (Yuthavong, 2002). L’introduction de nouvelles molécules que sont les 
dérivés d’artémisinine (ART) a contribué, de façon remarquable, à la réduction de la morbidité 
et de la mortalité dues au paludisme. Malheureusement, comme pour la CQ, l’émergence d’une 
résistance aux dérivés d’ART menace encore une fois le contrôle de la maladie.  
Une lutte efficace contre le paludisme nécessite une bonne connaissance des modes d’action 
des antipaludiques ainsi qu’une bonne compréhension des mécanismes de résistance mis en jeu 
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par le parasite. Il est également essentiel de développer des outils de détection de ces résistances 
afin de pouvoir régulièrement les cartographier et adapter au mieux les traitements 
antipaludiques. Enfin,  l’émergence et la diffusion continuelles de nouvelles résistances 
montrent la perpétuelle nécessité de développer de nouveaux traitements ou de combinaisons 
de molécules. 
 
I. SELECTION, EMERGENCE ET DIFFUSION DE LA RESISTANCE 
Malgré les efforts de développement et la mise en place de nouvelles stratégies thérapeutiques 
antiplasmodiales, Plasmodium falciparum s’est continuellement adapté et a développé des 
résistances, y compris contre les dernières combinaisons thérapeutiques à base d’artémisinine 
(CTA) (Dondorp et al., 2009; Noedl et al., 2008; WHO, 2016b; Wongsrichanalai and 
Meshnick, 2008).  
Des résistances aux antipaludiques ont été décrites pour 3 des 5 espèces responsables du 
paludisme chez l’Homme, P. falciparum, P. vivax et P. malariae (WHO, 2010a). P. falciparum 
a développé des résistances à tous les antipaludiques utilisés, ces résistances ayant une 
distribution géographique variable en fonction de chaque molécule. La résistance est le facteur 
majeur responsable de l’échec thérapeutique. Cependant, l’efficacité d’un traitement peut 
également être influencée par la biomasse parasitaire, l’état de prémunition du patient, la 
pharmacodynamique de la molécule ou encore par une concentration sous optimale du principe 
actif (utilisation de posologies inadéquates ou de médicaments de mauvaise qualité ou 
contrefaits). 
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A. Les mécanismes de sélection et d’émergence des parasites résistants 
1. La sélection des résistances 
Les mutations apparaissent au hasard dans le génome de Plasmodium, avec des taux variables 
mais indépendamment de la pression médicamenteuse. Le grand nombre de divisions 
cellulaires réalisé par Plasmodium au cours de la méiose dans le vecteur moustique et de la 
mitose chez l’hôte humain favorise la multiplication de ces mutations (figure 1).  
 
 
Figure 1 : Cycle de vie parasitaire  
(D’après (Greenwood et al., 2008) 
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Bien que ce phénomène soit rare, les mutations peuvent donner un avantage sélectif à certains 
parasites en leur permettant de se multiplier plus rapidement que d’autres ou de survivre en 
présence d’un antipaludique.  
La sélection de parasites résistants dépend de la pharmacocinétique et de la pharmacodynamie 
de l’antipaludique utilisé. Les médicaments avec une demi-vie longue, comme la MQ (3 
semaines) ou la CQ (1-2 mois), favorisent la persistance et l’adaptation des parasites les moins 
sensibles, lorsque la molécule se trouve en concentration plasmatique sub-thérapeutique 
(White, 1997). De même, un traitement incomplet ne permet pas de maintenir une concentration 
adéquate d’antipaludiques sur un temps suffisamment long pour éliminer la totalité des parasites 
chez un individu. Se pose enfin le problème des médicaments contrefaits, pouvant contenir des 
composés inactifs ou des concentrations sub-optimales de molécules antipaludiques (Basco, 
2004). Quelle que soit la cause, des concentrations sub-thérapeutiques de CQ sanguines ont été 
observées dans une forte proportion de la population vivant en Afrique sub-saharienne 
(Mockenhaupt et al., 2000) et étaient souvent associées à des résistances (Wichmann et al., 
2007). 
La réponse immunitaire de l’hôte humain joue également un rôle sur l’efficacité du 
médicament. Après des années d’exposition, les individus vivant en zone de forte transmission 
développent une immunité ou prémunition, qui se traduit par une protection contre les formes 
graves et se caractérise par de faibles parasitémies (Doolan et al., 2009). Contrairement à un 
individu naïf vis-à-vis du paludisme, un patient immun répondra mieux aux molécules 
antipaludiques (Yorke, 1924) et pourra présenter une évolution clinique favorable sous 
traitement, même s’il est porteur de parasites résistants (Morris et al., 2011) (Leri et al., 1997; 
Smith et al., 2002). 
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Enfin, les vecteurs peuvent aussi influencer la prolifération des parasites résistants en favorisant 
leur reproduction dans certaines anophèles (Wernsdorfer, 1994). Ainsi, en Asie du Sud-Est, la 
dissémination des souches de Plasmodium CQ-résistantes aurait été favorisée par la présence 
d’un vecteur propice à la multiplication de ces souches, Anopheles balabacensi (Filler et al., 
2003). 
 
2. L’émergence des résistances 
Pour qu’une résistance devienne un problème de santé publique, le parasite résistant doit 
survivre à la réponse immune de son hôte humain suffisamment longtemps pour produire des 
gamétocytes et être transmis au moustique vecteur (figure 1). De plus, la mutation ne doit pas 
être perdue lors de la méiose dans le vecteur, le moustique doit permettre la sporogonie et la 
transmission de parasites viables à un nouvel individu. 
Le taux d’émergence de la résistance dépend, en partie, de la façon dont la résistance est codée 
dans le génome parasitaire. Si la résistance est associée à plusieurs gènes, la probabilité de 
sélection d'un parasite résistant est plus faible. Si l’effet des mutations est additif, alors la 
résistance apparaîtra plus vite que si plusieurs mutations indépendantes sont nécessaires pour 
l’acquérir. 
Le niveau de transmission influence également le niveau d’émergence et de diffusion des 
résistances aux antipaludiques. Dans les zones de forte transmission, l’hôte est sujet à des 
infections polyclonales augmentant la probabilité de transmettre des gamétocytes de fonds 
génétiques différents et dont les gènes recombineront dans le moustique lors de la fécondation 
(figure 1). Cependant, le rôle exact du niveau de transmission est complexe et probablement  
multifactoriel. Certaines observations tendent à soutenir l’hypothèse d’un développement plus 
précoce de la résistance dans des zones de plus faible transmission comme cela a été le cas pour 
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la résistance à la CQ dans les années 1960  (Payne, 1987), à la SP dans les années 1970 (Alam 
et al., 2011; Hurwitz et al., 1981; Verdrager, 1986), à la MQ dans les années 1990s (Boudreau 
et al., 1982; Fontanet et al., 1993; Nosten et al., 1991) ou encore à l’ART rapportée à partir de 
2008 (Dondorp et al., 2009; Noedl et al., 2008). Plusieurs raisons peuvent expliquer ce schéma 
répété. Tout d'abord, les niveaux inférieurs d’immunité en Asie et Amérique du Sud permettent 
aux parasites de mieux survivre à la réponse immunitaire, ce qui a pour conséquence 
d’augmenter la charge parasitaire chez l’hôte (Gatton et al., 2001 ; Plowe et al., 1998). Les 
infections sont donc, plus souvent symptomatiques nécessitant des traitements répétés qui 
soumettent les parasites à une plus forte pression thérapeutique. De plus, la faible diversité 
génétique des populations parasitaires en Asie et Amérique du Sud comparativement à celle des 
populations africaines (Anderson et al., 2000) limite la compétition entre parasites sensibles et 
résistants (Klein et al., 2012), augmente la probabilité de diffusion des parasites résistants et 
favorise la fixation de la résistance (Vinayak et al., 2010). A l’inverse, l’utilisation plus faible 
de thérapeutiques chez les individus immuns et l’importante diversité génétique des parasites 
des zones de forte transmission (Afrique) permet de créer un réservoir de parasites sensibles, 
absent dans les zones de faible transmission (Klein et al., 2008). Cependant, une fois émergée, 
les résistances aux antipaludiques se propagent rapidement dans les zones de forte transmission. 
Pour exemple, une résistance totale à la CQ s’est propagée en 2 à 5 ans en Afrique de l’Est, 
zone de forte transmission soumise à une pression médicamenteuse massive (Draper et al., 
1985). 
 
B. Les mécanismes de diffusion des résistances 
On a longtemps pensé que les résistances aux antipaludiques émergeaient dans n’importe 
quelles zones d’endémie palustre. Cependant, les analyses génétiques de populations 
parasitaires par des marqueurs microsatellites ont montré que des lignées résistantes avaient 
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souvent des origines géographiquement limitées et se propageaient ensuite de proche en proche 
(Figure 2) (Mita et al., 2009). Trois origines indépendantes de résistance à la CQ ont été 
découvertes en Asie du Sud-Est (haplotype pfcrt CVIET), en Papouasie occidentale (haplotype 
pfcrt SVMNT) et aux Philippines (haplotype pfcrt CVMNT). La migration de l’haplotype 
CVIET d’Asie du Sud-Est vers l’Afrique est la plus importante voie de diffusion de la 
chloroquino-résistance (Figure 2A). Le même phénomène s’est reproduit pour les gènes pfdhfr 
(Mita et al., 2009) et pfdhps (Mita et al., 2011) responsable de la résistance à la SP (Figure 2C). 
 
  
Figure 2 : Origine et diffusions géographiques des gènes pfcrt associé à la résistance à la CQ (A, 
B) et pfdhfr associé à la résistance à la SP (C, D) 
(D’après (Mita et al., 2009) 
 
La diffusion des résistances est médiée par les mouvements migratoires de l’hôte ou du vecteur. 
La courte durée de vie des moustiques comparativement à la durée de l’infection chez l’Homme 
suggère un rôle prépondérant des migrations humaines dans la propagation des résistances.  
D 
C 
  Partie I – Synthèse bibliographique 
8 
 
 
Ce phénomène a pu être observé dans les années 1950 avec une propagation rapide de la 
résistance à la pyriméthamine, de village en village, le long des routes commerciales (Clyde 
and Shute, 1957) ou dans les années 1970 et 1980 avec la diffusion de la résistance à la SP après 
le retour de mineurs thaïlandais du Cambodge, zone de transmission palustre intense avec de 
nombreuses résistants (Alam et al., 2011). L’accroissement des déplacements humains est donc 
en faveur de l’augmentation de la vitesse de propagation des résistances.  
Les vecteurs sont considérés comme une source mineure de propagation de la résistance. Même 
si certaines espèces d’anophèles sont capables de parcourir des distances relativement longues 
(Service, 1997), elles ne s’éloignent pas, en général, de plus d’un kilomètre de leur site de 
reproduction (Thomson et al., 1995). D’autre part, la propagation du paludisme via le transport 
de moustiques par avion ou bateau entre les pays est une problématique prise en compte depuis 
les années 1800 (Service, 1997), ayant abouti à l’introduction des procédures de surveillance et 
de désinsectisation. Cependant, certaines relations ont été mises en évidence entre le contrôle 
de la transmission du paludisme (moustiquaires, désinsectisation,…) et les niveaux de 
résistance de P. falciparum aux antipaludiques. En effet, des études de terrain en Tanzanie ont 
mis en évidence de manière surprenante, une augmentation de la prévalence des allèles 
sauvages de pfdhfr après l’utilisation des moustiquaires imprégnées d’insecticides (Alifrangis 
et al., 2003). De même, malgré le maintien d’une pression à la CQ, la désinsectisation des 
maisons au Zimbabwe a permis en 4 ans, de diminuer d’un facteur 4, le risque d’échec au 
traitement par la CQ. Inversement, l’arrêt des traitements des maisons a conduit à un rebond du 
risque de résistance à la CQ (Mharakurwa et al., 2004). Dans les 2 études, l’utilisation de 
moustiquaires imprégnées et la désinsectisation avaient pour conséquence une réduction de la 
prévalence de l’infection qui, indirectement, réduisait l’utilisation d’antipaludiques et donc la 
pression médicamenteuse. En revanche, aucune relation entre l’utilisation de moustiquaires 
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imprégnées et la prévalence de la résistance à la CQ ou aux antifolates n’a été mise en évidence 
dans une étude au Kenya (Shah et al., 2011).  
Le rôle exact du moustique dans l’épidémiologie de la transmission des résistances aux 
antipaludiques reste encore à définir. Des recombinaisons génétiques ainsi que la reproduction 
sexuée entre gamétocytes de fonds génétiques différents peuvent générer de nouvelles 
combinaisons d’allèles qui augmentent ainsi la diversité génétique (Figure 3). On sait également 
que le moustique, plus particulièrement son microbiote intestinal et sa réponse immune peuvent 
impacter la diversité plasmodiale  (Nsango et al., 2012; Tchioffo et al., 2016). 
 
 
Figure 3 : Représentation schématique du cycle parasitaire sporogonique de Plasmodium sp. 
(D’après (Aly et al., 2009) 
 
Des premières études tendent à démontrer qu’il existe des pressions de sélection différentes 
chez l’Homme et les moustiques vecteurs et que le moustique aurait une influence sur les 
niveaux de prévalence des allèles résistants (Mharakurwa et al., 2011; Mharakurwa et al., 
2013).  
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C. Les mécanismes de fixation des résistances 
Les modifications des voies métaboliques générées par ces mutations sont souvent délétères (« 
fitness négatif ») pour le parasite non exposé à la molécule ayant sélectionné les clones 
résistants (Peters et al., 2002). Ce coût biologique explique la réduction rapide de la prévalence 
des mutations induisant la résistance dans les populations parasitaires lorsque la molécule n’est 
plus utilisée. Cela a notamment été observé au Malawi où la prévalence de l’allèle pfcrt 76T 
responsable de la chloroquino-résistance a diminuée après l’abandon de la CQ (Anderson and 
Roper, 2005; Babiker et al., 2009; Kublin et al., 2003). La même observation a été faite au 
Pérou pour les allèles mutants pfdhfr et pfdhps, 5 ans après l’abandon de la SP (Zhou et al., 
2008). Cependant, la réutilisation de la molécule abandonnée semble impossible, les parasites 
résistants réapparaissant très rapidement dès la réintroduction de la molécule (Noranate et al., 
2007).  
Inversement un scénario différent de fixation de l’allèle de résistance pfdhps a été observé au 
Cambodge ou en Thaïlande malgré l’arrêt officiel de traitement par la SP pendant plus de 20 
ans (Vinayak et al., 2010). Dans ce cas, la fixation de la résistance pourrait être expliquée par 
l’utilisation d’un antifolate autre que la sulfadoxine, comme le cotrimoxazole largement utilisé 
pour le traitement mais surtout la prophylaxie, d’infections bactériennes ou de pneumocystose 
dans les populations VIH, par le faible impact délétère de la mutation pour le parasite, par 
l’acquisition de mutations additionnelles compensatoires ou encore par la faible diversité 
génétique des populations parasitaires en Asie (Anderson et al., 2000) qui limite la compétition 
entre parasites sensibles et résistants (Klein et al., 2012) et augmente la probabilité de diffusion 
des parasites résistants (Ariey et al., 2003).   
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II. HISTORIQUE ET EVOLUTION DES RESISTANCES 
A. La quinine  
Alors que l'arsenal de médicaments antipaludiques dans le monde occidental était limité à la 
quinine extraite de l'écorce de quinquina, jusqu'à la première guerre mondiale, le déclin des 
stocks de quinine en Allemagne ont conduit au développement des premiers antipaludiques de 
synthèse, les 8-aminoquinoléines, tels que la pamaquine et la primaquine (figure 4). Cependant 
ces composés s’étant avérés plus toxiques que la quinine, cette dernière est restée le principal 
antipaludique utilisé par la suite. Les premiers cas de résistance à la quinine ont été documentés 
au Brésil en 1908 puis en 1938 chez les travailleurs des chemins de fer allemands revenant de 
la frontière entre le Brésil et la Bolivie mais restent sporadiques (Clyde, 1972). 
 
  
Figure 4 : Evénements clés de l’histoire de la découverte des antipaludiques 
(D’après (Wells et al., 2015) 
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B. La chloroquine 
Depuis son développement dans les années 1940, l’efficacité élevée, la bonne tolérance, la 
stabilité chimique, le faible coût et la facilité de production de la CQ ont contribué à en faire 
l’antipaludique le plus largement utilisé dans le monde. Cependant, une résistance de P. 
falciparum à la CQ a été détectée pour la première fois en 1957 à la frontière Cambodge-
Thaïlande et Colombie-Vénézuela (Payne, 1987). Des analyses génétiques ont, plus tard, 
démontré l’existence d’au moins 4 foyers d’émergence différents de chloroquino-résistance : 
un en Asie qui s’est ensuite propagé en Afrique, un en Papouasie Nouvelle Guinée, et deux en 
Amérique du Sud (Wootton et al., 2002); la résistance à la CQ a ensuite diffusé dans d'autres 
pays d'Asie, puis au cours des trente années suivantes, en Afrique (1er cas documenté dans l’Est 
en 1977 (Fogh et al., 1979)) avec des conséquences catastrophiques. En 1989, la chloroquino-
résistance s’était propagée à toute l’Afrique sub-saharienne (Figure 5) (Payne, 1987).  
  
Figure 5 : Propagation des souches chloroquino-résistantes de Plasmodium falciparum  
(D’après (Ecker et al., 2012) 
Aujourd’hui, la résistance de P. falciparum à la CQ est présente dans tous les pays d’endémie 
palustre à l’exception de quelques pays d’Amérique Centrale et des Caraïbes (WHO, 2014b). 
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Même si l’émergence de la résistance de P. falciparum à la CQ a forcé les pays d’endémie 
palustre à abandonner cette molécule, la CQ est encore recommandée dans les cas de paludisme 
causé par les espèces de Plasmodium non-falciparum. Cependant, l’apparition de résistance de 
P. vivax à la CQ en Papouasie Nouvelle Guinée (Rieckmann et al., 1989) et plus tard en 
Amérique du Sud (Castillo et al., 2002; Ruebush et al., 2003; Soto et al., 2001) limite également 
son utilisation, un traitement par un CTA approprié étant recommandé dans ces pays. 
La chloroquino-résistance de P. malariae a été décrite une seule fois, au sud de Sumatra en 
Indonésie (Maguire et al., 2002).  
 
C. Les antipaludiques de synthèse 
Pendant la seconde Guerre Mondiale, le manque d’antipaludiques, notamment la quinine, a 
stimulé le développement d’antipaludiques synthétiques comme la mépacrine et 
simultanément, d’antipaludiques dérivés de la pyrimidine. En effet, la pyrimidine est présente 
dans les acides nucléiques et les systèmes protéiques qui entrent en jeu dans son métabolisme 
peuvent être inhibées par des antipaludiques de la famille des sulfonamides. Cette recherche a 
entrainé le développement d’antifolates comme le proguanil (Paludrine®) et le chlorproguanil. 
Les premiers rapports sur l’utilisation du proguanil en prophylaxie ou en traitement étaient très 
encourageants (Jones et al., 1948 ; Maegraith et al., 1945; Maegraith et al., 1946 ; Seaton and 
Lourie, 1949) malgré une action schizonticide lente comparée à la quinine ou la mépacrine 
(Covell et al., 1949). Cependant, alors qu’en Malaisie, 1 seule dose de 100 mg de proguanil 
permettait une guérison totale en 1947, les taux d’échec aux traitements ont rapidement 
augmenté en 1949, une dose 100 fois supérieure ne permettant pas de guérir certains patients 
(Davey and Robertson, 1957; Field, 1949). Le même exemple s’est reproduit au Brésil  
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indiquant que la résistance n’était pas limitée aux isolats d’Asie du Sud Est (Walker and Lopez-
Antunano, 1968). 
 
D. L’association sulfadoxine-pyriméthamine (SP) 
Disponible à partir de 1971, l’utilisation de la combinaison SP a fortement augmenté du fait de 
son efficacité sur les souches CQ-résistantes, de sa bonne tolérance et de son faible coût. Son 
utilisation accrue a conduit à l’apparition d’une résistance à la SP en Asie du Sud-Est dans les 
années 1970, en Amérique du Sud puis en Afrique dans les années 1980 (Bjorkman and 
Phillips-Howard, 1990; Le Bras and Durand, 2003). En 1993, le Malawi fut le premier pays 
d’Afrique de l’Est à changer sa politique de traitement en passant de la CQ à la SP, suivi par 
d’autres pays africains à la fin des années 1990. Cependant, l’utilisation intensive de cette 
combinaison a provoqué la propagation très rapide de la résistance à l'Afrique sub-saharienne. 
L’expansion de cette résistance en Afrique était particulièrement problématique, la SP étant la 
seule alternative aux amino-4-quinoléines, disponible, efficace, et bien tolérée. 
Malgré la résistance, la SP reste utilisée dans les zones d’endémie palustre de forte transmission, 
pour les traitements préventifs intermittents des populations vulnérables que sont les femmes 
enceintes (WHO, 2014b) et les enfants (WHO, 2010b, 2011).  
 
E. La méfloquine (MQ) 
La MQ est apparue comme un successeur de la CQ en Asie du Sud Est, dans les années 1980. 
La résistance à la MQ s’est développée cinq ans après son introduction, en Thaïlande, au 
Cambodge et au Vietnam, pays où ce médicament a été largement utilisé en monothérapie. 
L’utilisation répandue de la quinine, molécule structuralement apparentée à la MQ, a pu 
favoriser cette émergence dans ces zones (Wongsrichanalai et al., 2002). Contrairement à 
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l’Asie, la MQ n’a jamais été utilisée en Afrique où la CQ a directement été remplacée par la 
SP, l’AQ et les CTA. 
 
F. Artémisinine et dérivés : le traitement de première intention menacé 
La découverte de l’artémisinine par l’équipe du Professeur Youyou Tu dans les années 1970 
est l’une des plus grandes avancées en médecine du 20ème siècle qui a été récompensée en 2015 
par le Prix Nobel de Médecine. La structure chimique de l’artémisinine sera obtenue en 1976 
(Zhang, 2005), ce qui permettra de développer des dérivés semi-synthétiques (artéméther, 
artésunate (AS) en 1987, dihydroartémisinine (DHA) en 1992). En dehors de la Chine, ces 
composés sont longtemps restés ignorés. Cependant, face à la propagation, en Asie du Sud-Est, 
de la résistance à tous les antipaludiques disponibles, ces molécules ont fait l’objet d’études 
cliniques démontrant leurs très bonnes efficacités et tolérances. 
Dès le début des années 1980, l’effet d’une monothérapie à base d’artémisinine combinée à une 
molécule partenaire a été étudié afin de réduire le temps et les coûts de traitement, mais aussi 
de limiter le risque de développement des résistances. L’artémisinine permet de fortement 
réduire la charge parasitaire dans les 3 premiers jours de traitement alors que la molécule 
partenaire élimine les parasites restants. L’OMS a recommandé l’utilisation des CTA dans le 
traitement du paludisme non compliqué en 2001. Dans les années qui suivirent, la majorité des 
pays d’endémie palustre ont adopté les CTA, le nombre de traitements CTA délivrés passant 
de 11 millions en 2005 à plus de 300 millions en 2015 (WHO, 2016b). 
Malheureusement les premiers cas de résistance ont été reportés dès 2008 (Noedl et al., 2008). 
La résistance de P. falciparum à l’artémisinine est détectée, à l’heure actuelle, dans cinq pays 
de la sous-région du Grand Mékong : le Cambodge, le Myanmar, la République Démocratique 
Populaire du Laos, la Thaïlande et le Vietnam (Amaratunga et al., 2012; Dondorp et al., 2009; 
Hien et al., 2012; Kyaw et al., 2013; Phyo et al., 2012; WHO, 2016b). La résistance à l’ART 
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se caractérise par un taux d’échec aux traitements plus élevé et un ralentissement de la clairance 
parasitaire (Ashley et al., 2014; WHO, 2016a) sans modification de la sensibilité à la DHA 
évaluée par les méthodes standard d’inhibition de croissance (figure 6) (Amaratunga et al., 
2012; Dondorp et al., 2009; Phyo et al., 2012). Dans la majorité des cas, les patients répondent 
correctement au traitement grâce à une molécule partenaire efficace. Cependant, à la frontière 
Cambodge-Thaïlande, les parasites sont devenus résistants à presque tous les antipaludiques 
disponibles.  
 
Figure 6 : Schématisation de la clairance parasitaire induite par les artémisinines et autres 
antipaludiques sur des souches sensibles et résistantes de P. falciparum. 
(D’après (Dondorp et al., 2011) 
 
Contenir la résistance aux ARTs et prévenir sa diffusion dans d’autres pays, notamment en 
Afrique où l’endémicité parasitaire est la plus importante, est aujourd’hui une priorité majeure 
de santé publique car aucun autre antipaludique de même efficacité et tolérance n’est 
actuellement disponible. Des recommandations ont ainsi été publiées dans ce sens, en 2011 
(GPARC : WHO Global Action Plan for Artemisinin Resistance Containment). Un suivi 
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régulier de l’état de la résistance dans les pays d’endémie palustre est un prérequis indispensable 
pour élaborer des stratégies pour mieux en prévenir la diffusion. La figure 7 obtenue grâce aux 
relevés de données du WWARN illustre les résultats de la surveillance mondiale de la résistance 
aux ARTs.  
 
Figure 7 : Prévalence des mutations de Kelch 13 impliquées dans la résistance aux dérivés de 
l’artémisinine entre 2000 et 2017 à travers le monde 
(D’après WWARN Molecular Surveyor) 
 
 
III. LES MECANISMES DE RESISTANCE AUX ANTIPALUDIQUES 
Les molécules efficaces dans le traitement du paludisme ciblent des processus biologiques 
essentiels pour le parasite mais différents ou absents chez l’hôte. La compréhension des 
mécanismes de résistance passe le plus souvent par une bonne connaissance des modes d’action 
des antipaludiques. Des études d’investigations d’isolats de terrain, de croisements génétiques 
et de gènes candidats ont permis d’identifier les gènes responsables de la résistance à la plupart 
des antipaludiques. Ces marqueurs moléculaires permettent ainsi, de mettre en évidence 
l’émergence d’une résistance sur le terrain et d’évaluer sa diffusion afin d’adapter au mieux les 
politiques de traitement. La part de l’épigénétique dans ces résistances n’est pas clairement 
élucidée mais pourrait jouer un rôle non négligeable, tout en restant indétectable par de simples 
marqueurs géniques. Pour exemple, un nouveau mécanisme épigénétique de résistance 
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réprimant les gènes codant pour un canal de transport et ainsi réduisant l’absorption de 
nutriments, a été rapporté en 2013. Ce phénomène pourrait compromettre l’utilisation de 
certains antipaludiques qui pénètrent le parasite par ce type de canal (Sharma et al., 2013). 
Les organites ou les compartiments qui composent Plasmodium constituent autant de cibles 
potentielles pour les molécules antipaludiques (Figure 8). On distingue :  
- La vacuole digestive du parasite qui est le siège de la digestion de l’hémoglobine, de la 
cristallisation de l’hème et où l’on retrouve des moyens de défense contre le stress oxydant, 
- Un cytoplasme comportant le cytosol et deux organites essentiels, les mitochondries et 
l’apicoplaste, qui sont nécessaires à la biosynthèse des acides nucléiques, 
- Une membrane plasmique constituée de phospholipides et de canaux calciques, qui  est le 
siège du trafic nutritionnel.  
 
Figure 8 : Voies métaboliques ou cibles des antipaludiques  
(D’après (Greenwood et al., 2008)  
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Classe 
d’antipaludiques 
Molécule Cible 
Gène de 
Résistance 
Références 
Quinoléines 
Agents lysosomotropes 
Chloroquine 
Synthèse 
d’Hémozoïne 
Pfcrt 
pfmdr1 
Fidock et al. 2000 et  
Sidhu et al. 2002 
Quinine 
Synthèse 
d’Hémozoïne 
pfmdr1 
autre 
Pickard et al. 2003 et 
Price et al. 1999 
Méfloquine 
Synthèse 
d’Hémozoïne 
pfmdr1 
autre 
Peel et al. 1994 et  
Price et al. 2004 
Amodiaquine 
Synthèse 
d’Hémozoïne 
pfmdr1  
pfcrt 
Echeverry et al. 2007 
Halofantrine 
Synthèse 
d’Hémozoïne 
pfmdr1 
autre 
Peel et al. 1994 
Luméfantrine 
Synthèse 
d’Hémozoïne 
pfmdr1 Sidhu et al. 2006 
Endopéroxides 
naturels et dérivés 
semi-synthétiques  
Artémisinine 
Hème et 
protéines dans 
la vacuole 
digestive 
Kelch 13 
pfmdr1 
autre 
Ariey et al. 2014 
Artésunate Price et al. 1999 
Artémether pfatpase6  Jambou et al.2005 
 Agents non lysosomotropes 
Sulfamides Sulfadoxine DHPS pfdhps Wang et al. 1997 
Diaminopyridines 
Pyriméthamine DHFR pfdhfr Peterson et al. 1990 
Proguanil DHFR pfdhfr Peterson et al. 1990 
Hydroxy 
naphtoquinone 
Atovaquone Cytochrome b pfcytb Korsinczky et al. 2000 
Tableau 1 : Les classes d’antipaludiques, leurs cibles et gènes de résistance 
 
La partie suivante s’attachera à présenter les différents mécanismes mis en jeu par le parasite 
pour contrer l’action des antipaludiques. 
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A. Les transporteurs 
1. L’hémozoïne, le cristal de survie plasmodiale 
Pendant le stade intra-érythrocytaire de l’infection, Plasmodium utilise l’hémoglobine de l’hôte 
comme source majeure de nutriments en raison de sa capacité limitée à synthétiser les acides 
aminés (AA) nécessaires à sa croissance (Sherman, 1977, 1979; Sherman and Ting, 1966). Le 
catabolisme de cette protéine au sein de la vacuole digestive (organelle de type lysosome) libère 
des peptides grâce à l’action d’enzymes protéolytiques (plasmepsines, falcipaines et 
falcilysines) (c) (Figure 9).  
 
Figure 9 : Représentation du procédé de formation de l’hémozoïne chez P. falciparum 
(D’après (Egan, 2008a) 
Le cytoplasme du globule rouge est transporté (a) et délivré (b) dans la vacuole digestive. 
L’hémoglobine est digérée par les plasmepsines, falcipaïnes et falcilysines en petits peptides 
(c) qui sont exportés en dehors de la vacuole digestive et dégradés en AA (d). L’hème provenant 
du catabolisme de l’hémoglobine (e) est oxydé (f) puis se dimèrise (g) avant d’être transporté 
dans un corps lipidique (h) où il forme des précurseurs d’hémozoïne (i) puis des dimères 
d’hémozïne (j et k) et enfin le crystal d’hémozoïne (l) 
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Ces peptides sont exportés de la vacuole digestive et dégradés en AA probablement par l’action 
d’aminopeptidases (d). L’hème (ferriprotoporphyrine IX, FPIX Fe(II)) (e), un complexe ferreux 
également libéré par le catabolisme de l’hémoglobine, est toxique pour le parasite car il peut 
générer des espèces intermédiaires réactives de l’oxygène qui créent des dommages aux 
membranes et à l’ADN, ou peut entrer en compétition avec le NADH pour le site actif de 
l’enzyme lactate dehydrogenase (LDH) (Egan, 2008b; Goldberg et al., 1990). L’Homme a mis 
en place plusieurs mécanismes de détoxification pour se protéger des effets toxiques de l’hème, 
comme les systèmes hème désoxygénases. Cependant, le parasite ne possède pas ces systèmes 
de détoxification et a dû développer des méthodes alternatives : il détoxifie l’hème par un 
processus de biocristallisation (f à l) en formant la β-hématine encore appelée hémozoïne (l) ou 
pigment malarique. Cette hémozoïne, libérée lors de la rupture des érythrocytes parasités,  est 
pyrogénique pour l’hôte et participe à l’apparition des symptômes comme la fièvre. 
Cependant il est à noter que cette biominéralisation n’est pas le seul mécanisme de 
détoxification. En effet, l’hème libre restant passe à travers la membrane de la vacuole digestive 
pour rejoindre le cytosol où trois systèmes de détoxification existent : l’hème libre est neutralisé 
(i) en interagissant avec le glutathion (GSH), (ii) en se liant avec d’autres protéines comme la 
glutathione S-transférase ou P. falciparum glutathione réductase (Campanale et al., 2003) ou 
(iii) par réaction oxydative avec H2O2 (Wright et al., 2001). 
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L’hème constitue une cible importante pour bon nombre d’antipaludiques (Figure 10). Les 4-
amino-quinoléines (CQ, AQ) comme les aryl-amino-alcools (Quinine, MQ, luméfantrine 
(LUM)) et possiblement les artémisinines (Kannan et al., 2002; Loup et al., 2007) se 
concentreraient dans la vacuole digestive du parasite et agiraient sélectivement en se 
complexant à l’hème pour inhiber la formation de l’hémozoïne (Fitch, 1983). Cette propriété 
provient d’une chaine latérale dite de Mannich sans laquelle l’activité antipaludique est 
totalement perdue. La mort du parasite résulte donc de l’accumulation de ses propres produits 
de dégradation. L’action des 4-amino-quinoléines reste limitée aux stades sanguins durant 
lesquels la dégradation de l’hémoglobine est la plus active (O'Neill et al., 1998). 
 
Figure 10 : Mécanisme d’action de la CQ au niveau du stade érythrocytaire de Plasmodium 
(D’après (Mushtaque and Shahjahan, 2015) 
(1) Transformation de l’hème en hémozoïne (2) Accumulation de la CQ dans la vacuole 
digestive (3) Interaction avec les dimères d’hématine  
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2. Le gène pfcrt 
L’utilisation intensive de la CQ a conduit à l’émergence de souches de P. falciparum résistantes. 
Des études de croisements génétiques entre une souche sensible HB3 (Honduras) avec une 
souche résistante Dd2 (Indochine) ont permis de mettre en évidence une région du chromosome 
7 responsable de la résistance à la CQ (Su et al., 1997), puis l’implication du gène pfcrt 
(Plasmodium falciparum chloroquine resistance transporter) fortement polymorphique et 
codant pour un transporteur transmembranaire de la vacuole digestive (Fidock et al., 2000). 
Certaines substitutions nucléotidiques ont montré un lien étroit avec le phénotype de résistance 
de la plupart des souches de laboratoire et de terrain de P. falciparum. Cependant, seule la 
mutation pfcrt K76T, identifiée en 2000, a un rôle clé dans l’émergence du phénotype de 
résistance à la CQ, sans que son rôle soit précisément défini (Fidock et al., 2000). La présence 
de mutations empêcherait l’accumulation de la CQ dans la vacuole grâce à la capacité de PfCRT 
à exporter la CQ vers l’extérieur (Martin et al., 2009).  
 
Trois modèles sont proposés pour expliquer le mécanisme de résistance de PfCRT : 
- Le modèle de partitionnement : l’efflux plus rapide de la CQ à l’extérieur de la vacuole 
a initialement été attribué à une modification du pH de la vacuole dans les souches CQ-
résistantes (Bennett et al., 2004; Dzekunov et al., 2000; Fidock et al., 2000). D’autres 
équipes ont, plus tard, démontré que les souches résistantes avaient un pH identique 
mais qu’elles devaient posséder un mécanisme d’efflux de la CQ dans la membrane de 
la vacuole qui augmentait la perméabilité de la CQ sous une forme particulière 
(Hayward et al., 2006; Klonis et al., 2007; Kuhn et al., 2007). Bien qu’on peut concevoir 
que le pH peut jouer un rôle dans certaines souches résistantes, il est généralement admis 
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que la résistance à la CQ est causée par une capacité d’efflux accrue de la CQ hors de 
la vacuole (Sanchez et al., 2010) 
- Le modèle de canal : dans ce modèle, PfCRT muté agirait comme un canal permettant 
l’efflux passif de la CQ à l’extérieur de la vacuole (Bray et al., 2006; Warhurst et al., 
2002) 
- Le modèle de transporteur : ce modèle présente PfCRT muté comme un transporteur 
facilitant la diffusion active ou passive de la molécule à travers la vacuole (Martin et 
al., 2009; Sanchez et al., 2007). 
La mutation pfcrt K76T est observée seule ou associée à d’autres mutations. Plus de 30 points 
de mutation de pfcrt ont été décrits dans la littérature (figure 11) (Chen et al., 2003; Cooper et 
al., 2005; Durrand et al., 2004; Fidock et al., 2000; Johnson et al., 2004). Nécessitant toujours 
la présence de pfcrt K76T pour induire le phénotype de résistance, ces mutations ont des 
spécificités géographiques et pourraient permettre le maintien de la fonction protéique en 
présence de la mutation pfcrt K76T (Bray et al., 2005; Cooper et al., 2005). 
 
Figure 11 : Représentation schématique de pfcrt et des positions des mutations identifiées  
(D’après Pulcini Sci Rep. 2015 Sep 30;5:14552) 
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Il est intéressant de noter qu’il n’y a pas de corrélation entre les mutations observées sur le gène 
orthologue de CRT de P. vivax (Nomura et al., 2001) ou des parasites murins (P. chabaudi) 
(Hunt et al., 2004) ou P. berghei (Witkowski et al., 2009) et le phénomène de CQ-résistance, 
indiquant qu’il n’existe pas un seul mécanisme qui confère la résistance.  
Certains haplotypes de pfcrt ont également un rôle dans la diminution de sensibilité d’autres 
antipaludiques. En effet, l’haplotype mutant pfcrt K76T induit une cross-résistance entre 
amodiaquine (AQ), quinine et CQ. De forts niveaux de résistance à l’AQ sont associés 
spécifiquement à l’haplotype SVMNT sur pfcrt 72-76. Cet haplotype a été décrit pour la 
première fois en Tanzanie en 2004 (Alifrangis et al., 2006) puis en Angola en 2007 (Gama et 
al., 2010). Cependant, il est principalement observé en Asie et en Amérique du sud  et a 
sûrement été sélectionné par l’utilisation précoce de l’AQ en traitement de première intention 
(Sa and Twu, 2010; Sa et al., 2009) .  
La résistance est un phénomène complexe et probablement multigénique. En effet, il a été 
montré que des mutations de pfcrt corrélaient avec des modifications de niveaux d’expression 
d’au moins 45 autres gènes aux fonctions différentes (Jiang et al., 2008). Les études de 
compréhension du mécanisme de résistance à la CQ ont suggéré que certains composés comme 
le vérapamil ou inhibiteurs de protéases antirétrovirales qui avaient la capacité d’inverser in 
vitro la résistance, pourraient être utilisés sur le terrain pour potentialiser l’action de la CQ 
contre les souches résistantes (Martin et al., 2012; Martin et al., 1987). Malheureusement, ces 
molécules se sont révélées toxiques in vivo aux concentrations requises (Ward, 1988; Watt et 
al., 1990) ou non efficaces pour contrecarrer la résistance à la CQ (Basco and Le Bras, 1991). 
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3. Le gène pfmdr1 
Le gène pfmdr1 (P. falciparum multi-drug resistance), initialement évoqué comme gène 
candidat de la résistance à la CQ, a été identifié en recherchant des homologues de la famille 
des transporteurs MDR (multidrug resistance) impliqués dans la résistance des cellules 
cancéreuses de mammifères (Cowman and Karcz, 1991). Ce gène pfmdr1, situé sur le 
chromosome 5, code pour un second transporteur, P. falciparum P-glycoprotein homologue 1 
(Pgh1) localisé dans la membrane de la vacuole digestive avec son domaine de liaison à l’ATP 
dirigé vers le cytoplasme (van Es et al., 1994). Chez Plasmodium, ce transporteur induirait un 
mécanisme auxiliaire permettant aux molécules d’entrer dans la vacuole digestive. Sanchez et 
al. ont montré que Pgh1 était capable de transporter la CQ et que le polymorphisme du gène 
pfmdr1 affectait la spécificité de substrat (Sanchez et al., 2008). Cinq mutations ponctuelles 
(SNP), N86Y, Y184F, S1034C, N1042D et D1246Y, ont été détectés et altèreraient les 
propriétés physicochimiques de Pgh1 du fait de substitutions par des acides aminés plus 
polaires. Ces modifications affecteraient ainsi la capacité de liaison et le transfert de molécules 
(Bray et al., 1996) et influenceraient la sensibilité à la LUM, l’ART, la quinine, la MQ, 
l’halofantrine et la CQ (Griffin et al., 2012; Reed et al., 2000). Des polymorphismes à la fois 
sur les gènes pfmdr1 et pfcrt agiraient également sur la sensibilité aux CTA, notamment la 
combinaison pfcrt 76T et l’haplotype pfmdr1 86Y-164Y-1246Y qui serait associée à une 
recrudescence et une réinfection après un traitement à AS-AQ (Dahlstrom et al., 2014; Djimde 
et al., 2008; Holmgren et al., 2007; Venkatesan et al., 2014).  De même, les allèles sauvages 
pfcrt K76 et pfmdr1 N86 et D1246 associée à la mutation pfmdr1 184F seraient sélectionnés 
après un traitement à AL (Dokomajilar et al., 2006; Sisowath et al., 2007). Cependant, le rôle 
conjoint de ces mutations reste encore à étayer et le nombre de molécules associées pour traiter 
les patients complexifie leur étude. En effet, les mutations pfmdr1 N86Y et D1246Y 
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moduleraient le niveau de résistance à la CQ des parasites déjà porteurs de mutations sur le 
gène pfcrt (Babiker et al., 2001; Reed et al., 2000).  
Bien que des mutations clés du gène pfmdr1 affectent la sensibilité à différents antipaludiques 
ciblant la vacuole digestive, la résistance de P. falciparum  à la MQ, à l’halofantrine, à la LUM 
et à la quinine, mais non à la CQ (Alker et al., 2007; Price et al., 2004; Sidhu et al., 2006), est 
également associée à la duplication/amplification du gène pfmdr1 (Cowman et al., 1994; Price 
et al., 2004; Reed et al., 2000; Triglia et al., 1991). Cette duplication a pour conséquence de 
diminuer la concentration intracellulaire en antipaludiques, les mécanismes à l’origine de ce 
phénomène (réduction de l’entrée ou augmentation de l’efflux de molécules) restant inconnus. 
 
4. Le gène pfmrp1 
Plasmodium falciparum multidrug resistance protein-1 (pfmrp1) est une protéine de la super 
famille des ABC transporteurs (Koenderink et al., 2010). Deux SNPs fréquents en Afrique, 
I876V et K1466R, ont été sélectionnés par les traitements artéméther/luméfantrine (Dahlstrom 
et al., 2009a) et SP (Dahlstrom et al., 2009b) mais ils n’ont jamais été associés avec une 
sensibilité altérée des isolats africains (Tumwebaze et al., 2015). Des mutations de pfmrp1 
différentes ont été observées chez des isolats du Nord-Est du Myanmar et étaient associées à 
des sensibilités réduites à la CQ, à la MQ, et à la luméfantrine (Gupta et al., 2014). L’altération 
de la croissance parasitaire et l’augmentation de la sensibilité à la CQ observées chez des 
parasites déficients pour pfmrp1 suggèrent que la protéine est impliquée dans le fitness 
parasitaire et l’efflux d’antipaludiques (Raj et al., 2009). 
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B. Les voies métaboliques  
1. Le métabolisme des folates, une voie critique pour le parasite 
La voie de synthèse de novo des folates est essentielle pour Plasmodium spp. et a été décrite il 
y a plus de 35 ans (figure 12) (Ferone, 1977). Même si une voie de récupération des folates 
exogènes a été mise en évidence dans des isolats provenant du monde entier (Krungkrai et al., 
1989), elle ne semble pas être la source principale de ce substrat pour Plasmodium.  
 
Figure 12 : Voie de biosynthèse des folates chez Plasmodium falciparum 
 
Le séquençage des gènes des dihydrofolate réductase (DHFR) et dihydroptéroate synthase 
(DHPS) (Brooks et al., 1994; Bzik et al., 1987; Triglia and Cowman, 1994), enzymes de la voie 
des folates ciblées par les antifoliniques (pyriméthamine, proguanil) ou les sulfonamides 
(sulfadoxine), a montré que des mutations jouent un rôle dans la résistance à ces médicaments 
(Peterson et al., 1988). La perturbation de la synthèse de l'acide folique par des inhibiteurs de 
la DHFR et de la DHPS conduit à une diminution du niveau de tétrahydrofolate complètement 
réduit, un cofacteur essentiel aux réactions de transfert d'un carbone dans les voies de 
sulfonamides 
diaminopyrimidines 
  Partie I – Synthèse bibliographique 
29 
 
biosynthèse de la purine, de la pyrimidine, et des acides aminés (Ferone, 1977). Ces 
concentrations faibles en tétrahydrofolate ont pour conséquence une diminution de la 
conversion de la glycine en serine, une réduction de la synthèse de la méthionine, et des taux 
faibles de thymidylate entrainant un arrêt de la réplication de l'ADN (Gritzmacher and Reese, 
1984; Gutteridge and Trigg, 1971; Newbold et al., 1982; Triglia and Cowman, 1999). 
 
a. Les gènes pfdhfr et pfdhps 
La résistance in vitro de P. falciparum aux antifolates et aux sulfonamides est due à une 
acquisition séquentielle de mutations ponctuelles spécifiques sur les gènes pfdhfr (Cowman et 
al., 1988; Peterson et al., 1988) et pfdhps (Alifrangis et al., 2003; Gregson and Plowe, 2005; 
Hyde, 2002), respectivement. Les substitutions N51I, C59R and S108N du gène pfdhfr 
confèrent la résistance à la pyriméthamine (PYR) alors que A16V et S108T confèrent la 
résistance au cycloguanil. Les substitutions A437G, K540E and A581G du gène  pfdhps  sont 
les plus impliquées dans la résistance à la sulfadoxine. Les mutations sur ces enzymes cibles 
altèreraient la conformation du site actif où se fixent les inhibiteurs, diminuant ainsi leurs 
affinités de liaison, tout en conservant la fonction principale de ces enzymes (Brown et al., 
2010; Costanzo et al., 2011). 
La mutation pfdhfr S108N est, en général, la première à apparaître lorsque les parasites sont 
exposés à la SP. Cette mutation conduit à un niveau de résistance modéré qui s’accroit lorsque 
le parasite accumule de nouvelles mutations : A16V, N51I, C59R et I164L (Cowman et al., 
1988). Une exposition prolongée conduit à l’accumulation de mutations sur les 2 enzymes 
DHFR ou DHPS (Plowe et al., 1997; Wang et al., 1997). L’haplotype A437G / K540E est le 
plus fréquent en Afrique. La combinaison de cet haplotype aux trois mutations pfdhfr N51I, 
C59R et S108N forme un quintuple mutant très fortement résistant à la SP, qui s’est maintenant 
largement propagé en Afrique. Chaque mutation confère une réduction de sensibilité. 
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Récemment, il a été introduit une notion de génotypes « super-résistants » lorsque le quintuple 
génotype est complété par les mutations pfdhps A581G ou A613S/T ou que la mutation pfdhfr 
I164L se combine à l’allèle pfdhfr N51I, C59R, S108N. 
 
b. Le gène gch1 
La variation du nombre de copies du gène gch1 codant pour l’enzyme qui catalyse la première 
étape de la voie de biosynthèse des folates, pourrait compenser l’effet des mutations dans les 
gènes pfdhfr et pfdhps (figure 13) (Kidgell et al., 2006). En effet, l’augmentation du nombre de 
copies de gch1 faciliterait le développement de parasites fortement résistants en favorisant la 
voie de synthèse des folates par un plus grand apport de substrats. Contrairement à ce qui est 
observé pour les parasites CQ-résistants, la persistance de souches mutées sur les gènes pfdhfr 
et pfdhps et surexprimant gch1, en l’absence de pression aux antifolates, indique un effet 
bénéfique de gch1 sur le fitness des parasites résistants (Kumpornsin et al., 2014). 
 
Figure 13: Relation entre les gènes gch1 et dhfr dans l’évolution de la résistance de P. falciparum 
aux antifolates  
(D’après (Heinberg and Kirkman, 2015) 
 
2. Le catabolisme de l’hémoglobine 
La dégradation de l’hémoglobine du globule rouge est un processus métabolique central à la 
croissance du parasite et qui implique plusieurs protéases. Alors que le génome de Plasmodium 
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contient dix gènes codant pour ces plasmepsines, seules quatre protéases parasitaires sont 
impliquées dans la  dégradation de l’hémoglobine (Goldberg, 1993). Les plasmepsines (PM) I 
et II initient la dégradation par clivage de l’hémoglobine dans une région très conservée 
(Gluzman et al., 1994; Goldberg et al., 1991). Ensuite, la falcipaine 2 et la falcilysine coupent 
la molécule en petits peptides (Eggleson et al., 1999; Rosenthal et al., 1988).  
Les autres PM ne sont pas exprimées lors du cycle intra-érythrocytaire mais pendant le stade 
exo-érythrocytaire et chez le moustique ou sont exprimées dans le stade intra-érythrocytaire 
mais ne semblent pas fonctionner dans la vacuole digestive. 
 
a. Plasmepsin 2–3  
L’amplification des gènes des plasmepsine 2 et plasmepsine 3 a très récemment été associée 
avec la résistance à la PIP au Cambodge (Amato et al., 2016; Witkowski et al., 2016). La PIP, 
comme la CQ, inhibe la conversion de l’hème toxique en hémozoïne non toxique pour le 
parasite pendant la digestion de l’hémoglobine, et pourrait cibler la plasmepsine 2 et/ou la 
plasmepsine 3. Ainsi, en augmentant la production de ces protéases, le parasite pourrait 
contrecarrer l’effet inhibiteur de la PIP.  
La forte association entre amplification des plasmepsines 2 et 3 et polymorphisme de pfk13 
suggère une sélection de cette résistance en 2 temps, avec tout d’abord l’acquisition de la 
résistance à l’ART puis la résistance à la PIP. 
Ces études cambodgiennes ont également mis en évidence une absence d’amplification du gène 
pfmdr1 dans les souches surproduisant des plasmepsines 2 et 3 (Amato et al., 2016; Witkowski 
et al., 2016). Ainsi, en maintenant une seule copie de pfmdr1, le parasite limiterait l’entrée de 
PIP dans la vacuole digestive (Rohrbach et al., 2006). Ces résultats n’excluent cependant, pas 
la possibilité que d’autres gènes soient impliqués dans la résistance à la PIP. 
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C. La mitochondrie 
1. Organite essentiel à la biosynthèse des acides nucléiques 
La mitochondrie de Plasmodium joue un rôle essentiel dans la survie du parasite. En effet, le 
parasite est incapable de capter les pyrimidines pour la synthèse d’ADN, d’ARN, de 
glycoprotéines et de phospholipides autrement que par un mécanisme de glycolyse. La 
dihydroorotate deshydrogénase (DHOD) est une enzyme indispensable à la synthèse des 
pyrimidines : elle catalyse l’oxydation du dihydroorotate en orotate, libérant ainsi des électrons 
pour la chaine de transport mitochondriale (figure 14). 
 
 
Figure 14 : Chaîne mitochondriale de transport des électrons chez P. falciparum  
(D’après (Nixon et al., 2013) 
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2. Le gène cyt b 
Le complexe de cytochrome bc1 (ou complexe III) est une enzyme mitochondriale clé qui 
catalyse le transfert des électrons de l’ubiquinol vers le cytochrome c, maintenant ainsi le 
potentiel de membrane de la mitochondrie (Crofts, 2004; Hunte et al., 2003). L’atovoquone ou 
hydroxy-1, 4-naphtoquinone est la seule molécule utilisée en clinique qui cible cette enzyme. 
Cette molécule est un analogue structural de l’ubiquinone (ou coenzyme Q) parasitaire. 
L’ubiquinone accepte les électrons provenant d’enzymes déhydrogénases (comme la DHOD) 
et les transfère à des cytochromes. L’atovaquone (ATQ) est donc un inhibiteur puissant qui 
bloque cette chaîne de transfert d’électrons et provoque la mort parasitaire (Hammond et al., 
1985). 
De nombreux SNPs dans le gène (cytb) du domaine Q0 du cytochrome b de Plasmodium spp. 
sont impliqués dans la résistance à l’ATQ (Fry and Pudney, 1992). Alors que les mutations 
M133I and L271V sont impliquées dans des modèles murins de paludisme (Siregar et al., 2008; 
Syafruddin et al., 1999), et que L144S, K272R, et V284F ont été observées dans des cultures 
exposées à de fortes concentrations d’ATQ (Siregar et al., 2015), les SNPs en position 268 
(Y268C, Y268S, Y268N) ont été associés avec des échecs aux traitements par la combinaison 
ATQ-proguanil (Schwobel et al., 2003; Sutherland et al., 2008). Ces mutations du cytb 
émergent et sont rapidement sélectionnées chez les patients traités par ATQ du fait d’un nombre 
important de copies de cytb, de la facilité avec laquelle ce gène mute ainsi que des faibles 
niveaux de transport d’électrons requis pendant la phase érythrocytaire. Cependant, elles ne 
peuvent pas être transmises par le moustique vecteur car  le déficit respiratoire de ces parasites 
mutés ne leur permet pas de poursuivre leur développement et de générer des sporozoïtes 
infectieux (Goodman et al., 2016). 
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D. L’apicoplaste 
1. Organite de la synthèse protéique 
Les cyclines telles que la doxycycline (DOX) ou les macrolides (azythromycine) agissent au 
niveau de l’apicoplaste où ils inhibent la traduction protéique en bloquant l’élongation par 
fixation sur la sous-unité 50S des ribosomes (Dahl and Rosenthal, 2007; Fichera and Roos, 
1997; Goodman et al., 2007; Kremsner, 1990). Ce phénomène provoque la mort de la 
progéniture du parasite traité : ces parasites ont une croissance normale durant le 1er cycle mais 
subissent l’effet de l’antibiotique durant le second cycle. Ce phénomène de « mort retardée » 
semble être due à l’héritage d’un apicoplaste défectueux, incapable de synthétiser les 
précurseurs nécessaires au développement du parasite (Dahl and Rosenthal, 2007; Goodman et 
al., 2007; Yeh and DeRisi, 2011).  
 
2. Mécanismes de résistance 
a. Les cyclines 
La plupart des cas d’échecs prophylactiques ou cliniques à la doxycycline observés a été 
associée à de mauvais dosages ou observances des patients (Pang et al., 1988; Wallace et al., 
1996). Cependant, les échecs pourraient aussi être dus à un réel phénomène de résistance, 
comme cela a été montré dans un modèle murin de paludisme à P. berghei (Jacobs and Koontz, 
1976). Les mécanismes de résistance à la doxycycline ainsi que les protéines impliquées sont 
bien décrits chez les bactéries (Chopra and Roberts, 2001). P. falciparum possède, en effet, le 
gène PfTetQ de la famille des GTPases et le gène Pfmdt de multi-résistance aux médicaments. 
Ces gènes possèdent tous deux de fortes homologies de séquences avec les gènes bactériens 
codant, respectivement, pour des protéines cytoplasmiques impliquées dans la protection des 
ribosomes contre l’action de la tétracycline  et des pompes d’efflux (Dantley et al., 1998; 
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Trieber et al., 1998). Il a également été démontré qu’une augmentation du nombre de copies 
des gènes PfTetQ et Pfmdt ainsi qu’un polymorphisme de séquence du gène PfTetQ étaient 
associés à une diminution in vitro de la sensibilité de Plasmodium à la DOX (Briolant et al., 
2010).   
Récemment, un cas d’échec prophylactique à la DOX chez un patient observant a été reporté 
(Madamet et al., 2015). L’isolat de ce patient était porteur de 2 copies des gènes PfTetQ et 
Pfmdt ainsi que de 2 motifs KYNNNN répétés sur le gène PfTetQ confirmant les précédents 
résultats. Cependant, dans d’autres études publiées la même année, aucune association n’a été 
pas mise en évidence entre ces marqueurs et la résistance observée dans des isolats thaïlandais 
(Gaillard et al., 2015). Il est donc important de poursuivre les investigations. 
 
b. Les macrolides 
Il existe 3 mécanismes de résistance aux macrolides chez les bactéries : la modification de la 
cible, l’inactivation ou l’efflux de l’antibiotique. Cependant, ces 2 derniers mécanismes 
n’affectent que quelques molécules (Leclercq, 2002). Même si des échecs de prophylaxie 
antipaludiques ont été observés pour les macrolides, la résistance in vivo n’a jamais été 
démontrée ni pour la clindamycine, ni pour l’azithromycine. Des modèles expérimentaux de 
résistance de P. berghei ou P. falciparum ont pu être développés mais les mécanismes de 
résistance à ces molécules n’ont pas été élucidés (Jacobs and Koontz, 1976; Koontz et al., 1979; 
Sidhu et al., 2007). Les mutations A1875 et A706 correspondantes à celles observées chez E. 
coli ne confèrent pas de résistance à Plasmodium (Gardner et al., 1993). De même, la mutation 
G1878 qui permet à Toxoplasma gondii de résister à la clindamycine et à l’azithromycine 
(Camps et al., 2002) n’est pas observée chez les souches plasmodiales résistantes à 
l’azithromycine (Sidhu et al., 2007). 
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E. Résistance aux endopéroxydes 
1. La « révolution » de l’artémisinine 
L’artémisinine (ART) est issue d’une plante utilisée en médecine traditionnelle, la qīng hāo 
(Artemisia annua). Sa caractérisation et la (semi)-synthèse de ses dérivés (artémether, AS et 
DHA) représentent une des grandes avancées en médecine lors du dernier tiers du 20ème siècle. 
L’artémisinine et ses dérivés semi-synthétiques sont des molécules qui agissent très rapidement 
en réduisant la parasitémie d’un facteur 104 à chaque cycle parasitaire. Les endopéroxydes, avec 
la quinine, représentent la classe de molécules capables de traiter efficacement les infections 
sévères avec peu d’effets secondaires (White, 2008) ce qui en fait maintenant le traitement 
recommandé des formes graves (Dondorp et al., 2005; Dondorp et al., 2010). Cependant, ces 
molécules nécessitent au minimum une prise journalière car contrairement aux autres 
antipaludiques, ils sont très rapidement éliminés  avec des demi-vies in vivo de moins d’une 
heure (Figure 15) (Meshnick et al., 1996; Teja-Isavadharm, 1996).  
 
  
Figure 15 : Propriétés pharmacocinétiques de différents antipaludiques  
(D’après (White, 2004) 
A : Artémisinine  
Q : Quinine  
P : Pyriméthamine  
C : Chloroquine  
M : Méfloquine  
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Initialement utilisés en monothérapies, l’OMS recommande, depuis 2001, l’utilisation de 
l’ART ou dérivés en combinaison avec un antipaludique de demi-vie longue pour le traitement 
du paludisme non compliqué à P. falciparum : ce sont les combinaisons thérapeutiques à base 
d’artémisinine. Les CTA ont été adoptées dans presque toutes les régions d’endémie palustre, 
exception faite de l’Amérique Centrale et des Caraïbes où la CQ est encore efficace (WHO, 
2016b). Les CTA utilisés et recommandés par l’OMS sont l’artéméther-LUM (AL), AS-AQ, la 
DHA-pipéraquine (PIP), AS-MQ ou encore AS-SP. Actuellement la combinaison AS-
pyronaridine est à l’essai. 
 
 
2. Mode d’action des endopéroxydes 
Cette classe d’antipaludiques de type lactone sesquiterpènique possède un noyau 1, 2, 4 trioxane 
renfermant un pont endopéroxyde nécessaire à leur activité. Leur mécanisme d’action est 
encore débattu mais on considère que les ARTs sont des pro-drogues qui sont activées par 
clivage du pont péroxyde pour libérer des radicaux libres ou des espèces réactives de l’oxygène.  
Plusieurs modèles s’opposent pour expliquer l’activation de l’ART. Cette activation pourrait 
être due à une scission réductive du pont endopéroxyde, catalysée, d’une part, par le fer 
héminique provenant de la dégradation de l’hémoglobine (Meshnick, 2002; Zhang and Gerhard, 
2008), d’autre part, par le fer intracellulaire libéré dans le cytoplasme parasitaire lors de la 
réaction avec le glutathion réduit (Ginsburg et al., 1998).  
Une autre théorie évoque un effet d’alkylation de l’hème par l’ART provoquant la mort du 
parasite mais cette hypothèse n’est pas encore clairement démontrée. Il a cependant, été établi 
que les adduits formés par les radicaux provenant de l’ART, et l’hème présent dans 
l’hémoglobine pouvaient interagir avec la protéine PfHRPII (P. falciparum histidine-rich 
protein II) afin d’inhiber la polymérisation et la formation de l’hémozoïne (Kannan et al., 2002; 
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Loup et al., 2007). Cependant l’absence d’inhibition de la formation d’hémozoïne par les 
traitements par ARTs in vivo (Haynes et al., 2003; Meshnick, 1996), suggère plutôt que les 
radicaux générés lors de l’activation par l’hème pourraient alkyler des groupements de protéines 
ou d’enzymes fonctionnelles les rendant, de façon irréversible, inactives (Wu, 2002).  
L’identification d’adduits entre cystéines et radicaux dérivés de l’ART a suggéré qu’un 
phénomène général d’alkylation des résidus cystéines serait impliqué dans le mécanisme 
d’action de l’ART, en interférant avec les fonctions protéiques (Wu et al., 2003). La sensibilité 
de l’ART aux effets stériques confirme l’hypothèse d’une cible spécifique protéique ou 
enzymatique. Des études de marquage ont montré, à concentrations physiologiques, 
l’interaction de l’ART avec des protéines du parasite, interaction non dépendante de la souche 
ou du stade parasitaire (Asawamahasakda et al., 1994; Yang et al., 1993; Yang et al., 1994). 
Parmi ces protéines, la protéine tumorale TCTP (translationally controlled tumor protein) dont 
la fonction reste inconnue (Bhisutthibhan et al., 1998) serait alkylée de façon dépendante de 
l’hème, les cystéines de cette protéine servant de source d’électrons lors de l’activation de 
l’ART. La falcipaïne, une protéase à cystéine de la famille des papaïnes qui participe à la 
dégradation de l’hémoglobine, serait également inhibée par les ARTs. De nombreuses autres 
protéines (catalase, cytochrome c) seraient également alkylées par l’artémisinine suggérant 
ainsi un processus général d’alkylation des résidus cystéines dans le mécanisme d’action des 
endopéroxydes. 
 
3. Les déterminants génétiques 
La résistance aux dérivés d’ART est très surveillée car ces molécules jouent un rôle crucial dans 
la politique actuelle de traitement du paludisme. La résistance à l’ART se caractérise par une 
augmentation des échecs aux traitements et une diminution des clairances parasitaires. Des 
  Partie I – Synthèse bibliographique 
39 
 
tentatives de sélection in vitro de la résistance à l’ART avaient initialement identifié une 
amplification de pfmdr1 chez les parasites sélectionnés. Des études génomiques d’isolats 
avaient ensuite associé des régions sur le chromosome 13 avec une clairance parasitaire retardée 
(Cheeseman et al., 2012; Takala-Harrison et al., 2013). Enfin, une approche combinant 
sélection in vitro de la résistance et analyse génomique a permis de mettre en évidence un 
polymorphisme sur le gène PF3D7_1343700 du chromosome 13, pfkelch13, qui corrélait avec 
une diminution des clairances parasitaires en Asie du Sud-Est (figure 16) (Ariey et al., 2014).  
 
Figure 16 : Représentation schématique de K13 et de son orthologue humain KEAP1  
(D’après (Ariey et al., 2014) 
 (a) Modélisation 3D de la structure de K13 (b) Les cercles représentent les différentes mutations. 
 
Aujourd’hui, 186 mutations différentes dont 108 non synonymes, ont été reportées en Asie du 
Sud-Est (Menard et al., 2016; WHO, 2015). La mutation dominante au Cambodge, Vietnam et 
Laos est C580Y (prévalence ~ 50%) alors qu’en Thaïlande, au Myanmar et en Chine, elle est 
peu représentée, la principale mutation étant F446I (avec 20% de prévalence) (Menard et al., 
2016). Des études de génération de souches mutantes K13 ont permis de révéler des niveaux de 
résistance différents en fonction de la mutation introduite : les mutations R539T et I543T 
confèrent un niveau de résistance plus important que les mutations M476I, C580Y et Y493H 
(Straimer et al., 2015). De plus, les niveaux de résistance induits par une mutation sont 
influencés par le fond génétique des souches dans lesquelles elles sont présentes. En Afrique, 
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les mutations de K13 restent rares, variées (Cooper et al., 2015; Kamau et al., 2015; Menard et 
al., 2016; Torrentino-Madamet et al., 2014), différentes de celles observées en Asie et n’ont 
jamais été associées à des valeurs de demi-vies parasitaires ou de taux de survie au RSA0-3h 
(test de survie du stade « ring » synchronisé entre 0 et 3 heures) augmentées, ou à des échecs 
cliniques (Ashley et al., 2014; Hawkes et al., 2015; Kamau et al., 2015; Taylor et al., 2015). 
Ces données montrent que, en Afrique, la sélection de mutations K13 n’est pas sous l’influence 
d’une importante pression thérapeutique. Cela pourrait s’expliquer par les niveaux d’immunité 
élevés des populations africaines qui réduisent la pression médicamenteuse ainsi que par la 
fréquence des infections polyclonales qui protégerait d’une altération de l’efficacité clinique en 
limitant le niveau de résistance médiée par K13 et sa diffusion. 
 
4. Les mécanismes moléculaires 
Ainsi, différentes mutations de PfK13 confèrent une résistance à l’artémisinine mais les 
mécanismes intervenant ne sont pas encore élucidés. PfK13 est décrit comme l’orthologue du 
gène keap 1 chez l’Homme, qui code pour une protéine séquestrant de façon constitutive, le 
facteur de transcription Nrf2 sur la membrane cellulaire. Soumis à un stress oxydatif, le 
complexe Nrf2/KEAP1 est clivé et Nrf2 transloque vers le noyau où il induit la transcription 
des gènes impliqués dans la protection cellulaire au stress. On suppose que la protéine codée 
par le gène K13 pourrait avoir des fonctions similaires à KEAP1 chez P. falciparum en délivrant 
un potentiel facteur de transcription à une ubiquitine ligase pour qu’il devienne la cible de la 
dégradation. Lors d’un stress oxydatif, K13 libérerait le facteur de transcription qui, ainsi, ne 
serait plus dégradé par le protéasome mais s’accumulerait dans le noyau pour réguler 
positivement environ 200 gènes impliqués dans les réponses au stress oxydatif, tel que celui 
induit par un traitement à l’artémisinine (Ariey et al., 2014). Dans les parasites résistants à 
l’artémisinine, les mutations sur le gène K13 empêcheraient, de façon constitutive, l’interaction 
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de K13 avec son partenaire et provoqueraient la dérégulation de la réponse anti-oxydante 
(figure 17A). 
 
Figure 17 : Mécanismes supposés de la susceptibilité et de la résistance de P. falciparum 
(D’après (Fairhurst, 2015) 
TF : transcription factor 
Une étude transcriptomique d’isolats de P. falciparum en Asie du Sud Est a permis d’étayer 
cette hypothèse (Mok et al., 2015). L’équipe de Mok et al. a, en effet, été capable d’associer la 
résistance à l’artémisinine à une surexpression de la voie « unfolded protein response » 
(UPR) et à un retard de progression du cycle intra-érythrocytaire, permettant aux parasites de 
réparer les protéines endommagées avant de progresser dans le cycle cellulaire. 
Mbengue et al. a, récemment, proposé un autre modèle de mode d’action des artémisinines qui 
cibleraient un partenaire de K13, la phosphatidylinositl-3-kinase (PI3K) de P. falciparum 
(Mbengue et al., 2015). Dans les parasites sensibles à l’artémisinine, PfK13 serait fixé à PI3K 
pour que cette dernière devienne la cible de la dégradation par le protéasome, limitant les 
réserves en PI3-phosphate (PI3P). Ainsi les parasites soumis à l’inhibition de la PI3K lié à la 
présence de l’artémisinine ne peuvent plus générer des taux de PI3P suffisants et nécessaires à 
leur croissance. L’étude a montré qu’une mutation de pfkelch13 en empêchant 
l’ubiquitinylation de PfPI3K, provoquait son accumulation ainsi que celle du PI3P, conférant 
ainsi aux parasites, la résistance à l’ART (figure 17B). Il est à noter qu’une augmentation du 
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produit PI3P seul est suffisante pour conférer la résistance à l’ART des parasites porteurs d’un 
gène pfkelch13 sauvage. De même, une surexpression de PfAKT, l’orthologue de P. falciparum 
pour la kinase B de mammifère, induit une production de PI3P conférant la résistance à l’ART 
via un mécanisme qui reste encore inconnu. 
Enfin il a été mis en évidence par des études in vitro que les parasites survivant à une exposition 
courte d’ART, à une concentration sub-létale, présentaient un retard de progression de leur 
cycle érythrocytaire (Hott et al., 2015a; Hott et al., 2015b). Ces parasites résistants présentaient 
une prolongation du stade ring, stade intra-érythrocytaire le plus résistant, une réduction de la 
phase trophozoïte et un développement en schizonte normal. 
 
IV. METHODES D’EVALUATION DE LA RESISTANCE DE PLASMODIUM 
Aujourd’hui, des résistances ont émergé dans la plupart des zones d’endémie palustres, contre 
la majorité des antipaludiques, que ce soit d’anciennes molécules administrées en monothérapie 
(CQ, quinine) ou plus récentes utilisées en combinaison (ART, MQ, ATQ, LM). Ces résistances 
constituent une menace constante pour le contrôle du paludisme et nécessitent un suivi régulier 
afin d’adapter au mieux les politiques de santé. Différentes méthodologies sont utilisées pour 
surveiller la sensibilité de P. falciparum aux antipaludiques (WHO, 2005). 
 
A. Evaluation in vivo de l’activité antipaludique 
Chez l’Homme, le gold standard de suivi de l’efficacité des antipaludiques reste l’évaluation in 
vivo (ou clairance parasitaire) du traitement selon des protocoles définis par l’OMS (WHO, 
2009). Pour cela, un suivi prospectif de la réponse clinique et parasitologique au traitement du 
paludisme non compliqué sous observation de la prise médicamenteuse, est effectué. Ces études 
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conduites à des intervalles réguliers (idéalement tous les 24 mois), dans les mêmes sites 
sentinelles, permettent une détection précoce de la chimiorésistance. La période de suivi des 
patients peut être longue : les données de densité parasitaire, température axillaire ≥ 37,5°C, 
notion de vomissement, de prise de médicaments… sont relevées le jour d’inclusion dans 
l’étude (jour 0), correspondant généralement au jour de prise de la 1ère dose d’antipaludiques 
ainsi qu’aux jours 1, 2, 3, 7, 14, 21, 28, 35 et 42. La durée du suivi est déterminée par la durée 
de demi-vie des molécules antipaludiques administrées : un suivi de 28 jours est préconisé pour 
les molécules ayant des demi-vies de moins de 7 jours, comme la CQ, l’AQ, les dérivés d’ART, 
l’ATQ-proguanil, la LUM, l’halofantrine, la quinine ou la SP alors que 42 jours seront 
nécessaires pour l’évaluation des molécules de demi-vies plus longues comme la MQ ou la PIP. 
Cependant, de longues périodes de suivi des patients sont difficiles à mettre en place. En effet, 
l’allongement du temps de suivi augmente le risque de perdre de vue les patients, réduisant ainsi 
la sensibilité de l’étude à évaluer le taux réel d’échec à un traitement donnée. De plus, le taux 
d’efficacité thérapeutique évalué au dernier jour de l’étude, nécessite la validation des résultats 
par un génotypage moléculaire (Snounou and Beck, 1998) afin de distinguer tous les cas de 
réinfection, évènements difficiles à exclure dans les zones de forte transmission. 
La politique nationale de traitement du paludisme devra être modifiée lorsque que le taux 
d’échec thérapeutique déterminé par une étude d’efficacité in vivo dépasse 10%. 
En raison de la demi-vie courte des dérivés de l’ART, l’évaluation du taux de clairance 
parasitaire (c’est-à-dire la vitesse de déclin de la concentration parasitaire dans le sang) est 
utilisée pour estimer la réponse thérapeutique des patients atteints de paludisme et traités par 
ces molécules. il nécessite une mesure de parasitémie à des temps réguliers (0, 6, 12, 24, 36, et 
48 heures puis toutes les 24 heures jusqu’à négativation), et est déterminé à partir de la portion 
linéaire de la courbe logarithmique de la parasitémie en fonction du temps. Sa standardisation 
facilite la surveillance en permettant la comparaison des données dans le temps.  
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La conduite de ces tests in vivo reste lourde et onéreuse et le niveau réel d’efficacité de la 
molécule varie en fonction de nombreux facteurs tels que le statut immunologique, la 
pharmacocinétique de la molécule (problème de malabsorption, de métabolisation, 
d’élimination, d’interaction médicamenteuse…). De ce fait, il est souvent nécessaire d’inclure 
dans les protocoles, une mesure de la concentration sanguine en antipaludiques (analyses 
pharmacocinétiques) ou des variations de phénotypes plasmodiaux (tests in vitro) afin de 
valider précisément les tests in vivo. 
 
B. Evaluation in vitro de l’activité antipaludique 
1. Tests phénotypiques standards 
Le développement de méthodes de culture in vitro de P. falciparum dans les années 1970 a 
permis de mettre au point des techniques de mesures directes de l’activité antiplasmodiale de 
molécules. Contrairement aux essais in vivo qui sont dépendants de facteurs externes (immunité 
de l’hôte, métabolisme de la molécule par l’hôte), les tests in vitro permettent d’évaluer le seul 
effet de la molécule sur la prolifération du parasite en déterminant, grâce à des doses graduelles 
et connues d’antipaludiques, une concentration inhibitrice de 50% de la croissance parasitaire 
(CI50). De nombreuses méthodes in vitro existent, toutes basées sur ce même principe 
(incorporation de précurseurs d’acides nucléiques radiomarqués, quantification de protéines 
parasitaires, ou de l’ADN grâce à des intercalants).  
Le test d’incorporation de [3H]-hypoxanthine reste la technique standard de référence pour le 
criblage de nouvelles molécules ou l’évaluation et le suivi de la sensibilité de souches 
parasitaires à différentes molécules connues (Desjardins et al., 1979). Cependant, la 
manipulation de matériel radioactif ainsi que la gestion des déchets, le coût des équipements 
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comme le compteur à scintillation liquide et la forte densité parasitaire nécessaire à la réalisation 
de ce test, limite son utilisation.  
La quantification de protéines parasitaires est une méthode simple, rapide et qui requiert peu de 
matériel technique. De nombreux tests ELISA sont commercialisés et ciblent des enzymes 
parasitaires structuralement différentes de celles de l’Homme telle que l’histidine-rich protein 
2 (HRP2) (Noedl et al., 2003) ou la lactate dehydrogenase (LDH) (Brockman et al., 2004; 
Druilhe et al., 2001; Kaddouri et al., 2006). Cependant les méthodologies basées sur la mesure 
des concentrations en HRP2 semblent peu applicables sur le terrain du fait d’un fort 
polymorphisme de séquence protéique et de l’absence du gène pfhrp2 chez certaines souches 
amazoniennes. 
L’utilisation de tests basés sur l’incorporation de marqueurs d’ADN (SYBR, DAPI, YOYO-1) 
par le parasite a augmenté du fait de leur facilité d’utilisation et de leur faible coût, pour des 
résultats comparables aux tests isotopiques (Baniecki et al., 2007; Corbett et al., 2004; Johnson 
et al., 2007; Madrid et al., 2004).  
 
2. Evaluation de la résistance à l’artémisinine 
Jusqu’en 2013, aucun test in vitro n’était disponible pour mettre en évidence la résistance à 
l’artémisinine. En effet, les tests basés sur l’observation de l’inhibition de la croissance 
parasitaire ne permettaient pas d’évaluer la capacité de mise en quiescence des parasites 
résistants à l’artémisinine. Depuis, le Ring-stage Survival Assay (RSA) a été développé et 
permet d’évaluer la capacité de survie des parasites suite à une exposition de 6 heures à 700nM 
de DHA (Witkowski et al., 2013). Ce test mime la courte demi-vie des ARTs et cible le stade 
parasitaire précoce appelé « ring », responsable de la réduction de sensibilité des souches 
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résistantes. La réponse des parasites à ce test est corrélé à la clairance parasitaire (Witkowski 
et al., 2013; (Amaratunga et al., 2014; Ariey et al., 2014; Witkowski et al., 2013).  
 
C. Les méthodes moléculaires d’évaluation de la résistance 
Les méthodes moléculaires d’évaluation de la résistance ont permis de lever certaines limites 
associées aux études in vivo et in vitro (Plowe and Wellems, 1995). En effet, ces méthodes 
permettent de réaliser l’évaluation et le suivi du niveau de résistance aux antipaludiques sur un 
plus grand nombre d’échantillons, en un temps limité et sans culture parasitaire (Plowe et al., 
1996). Ces outils moléculaires sont basés sur la détection de points de mutations sur des gènes 
parasitaires associés à la résistance aux antipaludiques, par différentes techniques de PCR 
(polymerase chain reaction)  comme la PCR-RFLP (restriction fragment length polymorphism), 
ou les PCR en temps réel qui utilisent le Sybr green I, les sondes d’hydrolyse, les sondes 
d’hybridation, le séquençage… Toutefois ces tests moléculaires peuvent ne refléter que 
partiellement le phénotype de résistance en fonction du niveau réel d’implication du marqueur 
moléculaire dans le phénomène de résistance. Par ailleurs, pour certaine résistance les 
marqueurs moléculaires sont inexistants ou faiblement associés. Enfin, ces tests sont incapables 
de détecter l’émergence de nouveaux génotypes de résistance.  
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I. OBJECTIFS 
L’émergence des résistances s’opère par la pression de sélection médicamenteuse continue que 
subissent les parasites, et leur diffusion progressive se fait principalement via le déplacement 
des hôtes infectés. Cependant, la dynamique d’émergence, de diffusion et de persistance ou non 
des parasites résistants dans une zone donnée est la résultante d’interactions complexes entre le 
médicament, le parasite, le vecteur et l’Homme infecté. C’est dans une démarche globale de 
surveillance épidémiologique mais aussi d’une meilleure compréhension de ces mécanismes et 
interactions que nous avons envisagé notre travail (figure 18). Tout d’abord nous nous sommes 
attachés à la surveillance moléculaire de la sensibilité de P. falciparum aux antipaludiques au 
Cameroun. Ensuite nous avons étudié in vitro l’influence d’une pression prolongée à 
l’artémisinine sur la sensibilité de P. falciparum. Enfin nous avons évalué le rôle potentiel du 
vecteur moustique dans la sélection et la dissémination de la résistance. 
 
 
Figure 18 : Les principaux objectifs de ce projet 
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II. SURVEILLANCE MOLECULAIRE DE LA SENSIBILITE DE P. 
FALCIPARUM AUX ANTIPALUDIQUES AU CAMEROUN 
 
A. Epidémiologie des marqueurs moléculaires des gènes pfmdr1 et pfcrt 
au Cameroun 
1. Introduction 
Les travaux présentés ci-après s’inscrivent dans les recommandations de l’OMS (WHO, 2016b) 
préconisant un suivi régulier du niveau de résistance de Plasmodium aux antipaludiques et 
présentent une surveillance des marqueurs moléculaires pfmdr1 et pfcrt associés à la résistance 
aux antipaludiques tels que la CQ, l’AQ, la MQ ou la luméfantrine. Cette étude a été réalisée 
au Cameroun, en collaboration avec les équipes MIVEGEC-IRD (Isabelle Morlais) et OCEAC 
(Parfait Awono-Ambene) qui sont implantées depuis de nombreuses années à Yaoundé. La 
localisation du Cameroun en zone d’endémie palustre et le grand nombre d’habitants vivants à 
Yaoundé (plus de 1 800 000) font de cette ville un site de choix pour le suivi épidémiologique 
de la résistance aux antipaludiques. En 2015, il était estimé que le Cameroun faisait partie des 
7  des 43 pays d’Afrique sub-saharienne où 25% de la population était infectée par le paludisme, 
représentant ainsi 3% des cas mondiaux (WHO, 2016b). Le taux d’inoculation entomologique 
excède 100 piqûres infectantes/personne/an (Antonio-Nkondjio et al., 2002; Bonnet et al., 
2003). Les échantillons ont été collectés entre 2005 et 2009, auprès de patients atteints de 
paludisme à P. falciparum non compliqué et analysés en 2012. Cette étude a consisté à évaluer, 
au moment de l’introduction des CTA au Cameroun, la prévalence des marqueurs moléculaires 
pfmdr1 et pfcrt de la résistance de P. falciparum à la CQ et l’AQ, ainsi que la présence de 
parasites porteurs d’une amplification du gène pfmdr1 associée à la résistance à la MQ et la 
LUM et à une diminution de la sensibilité aux dérivés d’ART. En l’absence de marqueurs 
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moléculaires de résistance à l’ART à cette époque et face à l’émergence de la résistance aux 
CTA en Asie du Sud-Est (Dondorp et al., 2009; Noedl et al., 2008), l’évaluation de l’efficacité 
de molécules comme l’AQ, la MQ ou la LUM, abandonnées après l’apparition de résistance, 
était essentielle car ces antipaludiques restent utilisées en association avec les artémisinines. Il 
était donc important d’avoir un état des lieux des marqueurs moléculaires de résistance de P. 
falciparum circulants au moment de l’introduction des CTA. 
 
2. Article 
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Abstract
Background: Regular monitoring of the levels of anti-malarial resistance of Plasmodium falciparum is an essential
policy to adapt therapy and improve malaria control. This monitoring can be facilitated by using molecular tools,
which are easier to implement than the classical determination of the resistance phenotype. In Cameroon,
chloroquine (CQ), previously the first-line therapy for uncomplicated malaria was officially withdrawn in 2002 and
replaced initially by amodiaquine (AQ) monotherapy. Then, artemisinin-based combination therapy (ACT), notably
artesunate-amodiaquine (AS-AQ) or artemether-lumefantrine (AL), was gradually introduced in 2004. This situation
raised the question of the evolution of P. falciparum resistance molecular markers in Yaoundé, a highly urbanized
Cameroonian city.
Methods: The genotype of pfcrt 72 and 76 and pfmdr1 86 alleles and pfmdr1 copy number were determined
using real-time PCR in 447 P. falciparum samples collected between 2005 and 2009.
Results: This study showed a high prevalence of parasites with mutant pfcrt 76 (83%) and pfmdr1 86 (93%)
codons. On the contrary, no mutations in the pfcrt 72 codon and no samples with duplication of the pfmdr1 gene
were observed.
Conclusion: The high prevalence of mutant pfcrt 76T and pfmdr1 86Y alleles might be due to the choice of
alternative drugs (AQ and AS-AQ) known to select such genotypes. Mutant pfcrt 72 codon was not detected
despite the prolonged use of AQ either as monotherapy or combined with artesunate. The absence of pfmdr1
multicopies suggests that AL would still remain efficient. The limited use of mefloquine or the predominance of
mutant pfmdr1 86Y codon could explain the lack of pfmdr1 amplification. Indeed, this mutant codon is rarely
associated with duplication of pfmdr1 gene. In Cameroon, the changes of therapeutic strategies and the
simultaneous use of several formulations of ACT or other anti-malarials that are not officially recommended result
in a complex selective pressure, rendering the prediction of the evolution of P. falciparum resistance difficult. This
public health problem should lead to increased vigilance and regular monitoring.
Keywords: Malaria, Cameroon, pfcrt, pfmdr1, pfmdr1 copy number, Resistance, LNA probes
* Correspondence: berry.a@chu-toulouse.fr
1Service de Parasitologie-Mycologie, Centre Hospitalier Universitaire de
Toulouse et UMR152 UPS-IRD, Université de Toulouse, Toulouse, France
Full list of author information is available at the end of the article
Menard et al. Malaria Journal 2012, 11:113
http://www.malariajournal.com/content/11/1/113
© 2012 Menard et al; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited.
Background
Monitoring the level of Plasmodium falciparum resis-
tance against anti-malarial drugs is one of the keys to a
successful malaria control. Although controlled clinical
trials are the best available tool for assessing the rele-
vance of anti-malarial treatments, molecular monitoring
offers some advantages. Studies on single-nucleotide
polymorphisms (SNPs) and duplication of genes
involved in resistance can be carried out with more ease
and are less time-consuming. Furthermore, molecular
monitoring may reveal trends, allowing anticipation in
the changes of treatment policies.
In Cameroon, the first-line recommended therapy for
uncomplicated malaria was chloroquine (CQ) until 2002
and amodiaquine (AQ) monotherapy between 2002 and
2004. In January 2004, the artesunate-amodiaquine
(AS-AQ) combination was officially adopted and arte-
mether-lumefantrine (AL) was added as an alternative arte-
misinin-based combination therapy (ACT) in 2006 [1]. In
practice, AS-AQ and AL have been used nationwide since
2007. AS-AQ is widely available in public health care cen-
tres while AL is relatively less prescribed because of its low
supply in the public sector at a subsidized price [2].
The amplification of pfmdr1 gene is a common molecu-
lar marker of mefloquine (MQ) resistance. An increase in
the pfmdr1 copy number is associated with clinical failures
to MQ [3] and in vitro resistance to lumefantrine, which is
an amino-alcohol, like MQ [4]. The amplification of
pfmdr1 gene has also been demonstrated to decrease the
susceptibility to artemisinin derivatives in the field as well
as in laboratory-adapted P. falciparum strains [4-8].
Furthermore, a recent study in eastern Sudan reported an
association between the carriage of parasites with
increased pfmdr1 copy number before treatment and
recurrent parasitaemia after AL therapy [9].
In vitro, the pfmdr1 N86 wild-type allele, independently
of the pfmdr1 copy number, is associated with a higher
susceptibility to lumefantrine and MQ [3,10,11]. In paral-
lel, in the field, pfmdr1 N86 and pfcrt K76 wild-type alleles
were selected by artemether-lumefantrine (AL) treatment
whereas they were not selected by artesunate-amodiaquine
(AS-AQ) or amodiaquine-sulphadoxine-pyrimethamine
(AQ-SP) [12-15]. Conversely, the pfmdr1 86Y and pfcrt
76T mutant alleles are associated with CQ resistance and
also with AQ monotherapy failure [16-19]. Likewise, these
haplotypes are selected by the association AS-AQ [20,21].
A pfcrt genotype conferring high levels of resistance to
AQ, corresponding to SVMNT haplotype of the codons
72-76, has been identified, first in Tanzania and more
recently in Angola [22,23]. This haplotype, widely
observed in Asia and South America, seems to be
strongly selected by the use of AQ [24,25].
The objective of this study was to determine the pre-
valence of pfmdr1 multiple copies and mutant pfcrt 72
and 76 and pfmdr1 86 codons in Yaoundé, Cameroon at
the time of the introduction of ACT. It is important to
have a “molecular snapshot” of P. falciparum isolates at
the beginning of this new anti-malarial therapeutic strat-
egy, first, in order to make meaningful comparisons in
the future and, secondly, to determine if there is any
evidence of molecular mark suggesting a rapid evolution
towards resistance.
Methods
Study sites and origin of samples
The study was carried out between 2005 and 2009, on a
total of 447 samples from patients with a microscopy-con-
firmed diagnosis of uncomplicated falciparum malaria.
The recruitment sites were in Yaoundé intra-muros (3° 52’
N, 11° 31’ E), including the healthcare centre of Nkoln-
dongo (49 patients, median of three years old [0 month to
47 years]), the healthcare centre of Olembe (42 children,
median of 2.5 years old [eight months to 12 years]), and
the healthcare centre of Nlongkak (125 patients, median
of two years old [six months to five years]). Two hundred
and thirty-one samples were obtained from asymptomatic
children aged from five to 11 years in Mfou (3°43’N, 11°
38’E), 26 km from the centre of Yaoundé. This study was
reviewed and approved by the Cameroonian National
Ethics Committee and Cameroonian Ministry of Public
Health.
Before patients with a positive thick smear have received
an ACT treatment, finger-pricked capillary blood sample
was collected on different filter papers, Whatman (What-
man plc, Middlesex, UK) or IsoCode STIX (Schleicher &
Schuell, Keene, NH, USA). DNA from paper filters was
extracted using the chelex-100 boiling method [26], con-
centrated by ethanol precipitation and frozen at -20°C
until amplification.
Determination of pfmdr1 copy number
To determine the copy number of pfmdr1, a qPCR
method described previously was used [27]. All samples
were tested in triplicate in 96-well plates on a LightCy-
cler® 480 system (Roche Diagnostics, Neuilly sur Seine,
France). Each run included two control DNA samples of
reference P. falciparum clones, FCM29/Cameroon and
Dd2/Indochina, which are known to have one and two-
three copies of pfmdr1 gene, respectively [27].
Genotyping of pfcrt and pfmdr1
Genotyping of pfcrt 76 and pfmdr1 86 codons was per-
formed with a qPCR assay using Fluorescence Reso-
nance Energy Transfer (FRET) hybridization probes and
an analysis of the melting curve described previously
[28,29]. Each run included two control DNA samples of
P. falciparum: the CQ-susceptible F32/Tanzania strain
with pfcrt K76 and pfmdr1 N86 wild-type alleles and the
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CQ-resistant FCM29/Cameroon clone, carrying pfcrt
76T and pfmdr1 86Y mutant alleles.
The detection of the pfcrt 72S mutant allele was
performed with a TaqMan probe-based genotyping assay
the originality of which resides in the presence of Locked
Nucleic Acid (LNA) inside the probes. LNA is a synthetic
RNA analogue which, when integrated into an oligonu-
cleotide, shows a strong affinity for their complementary
targets [30]. Because of their thermal stability when
hybridized to DNA, oligonucleotides containing LNA
have a higher melting temperature (Tm) and could be
used as primers, probes or clamps to improve molecular
detection [31-33]. In general, sequences from P. falci-
parum contain a high percentage of adenine (A) and thy-
mine (T) resulting in a low Tm and complicating
molecular analysis. The introduction of LNA bases is a
powerful tool to obtain discriminating probes with a
moderate length and a probe hybridization that may
occur during the annealing step in PCR. Consequently,
this technique was particularly well suited for the experi-
mental conditions described here. The pfcrt gene was
amplified by using primers P.falcA (5’-CAATT
TTgTTTAAAgTTCTTTTAgCAA-3’) and P.falcF (5’-
gTTCTTgTCTTggTAAATgTgCTCA-3’). To genotype
the different alleles, the amplified product was detected
with one of the specific TaqMan probes: AF233067
probe, 5’-YAK-AATTgTATTCATT + A + C + ACTT +
A + CA–BBQ-3’ hybridized with the pfcrt 72S mutant
allele (SVMNT haplotype) and HM854027 probe, 5’-
LC670-AATTgTTTCAATT + A + C + ACATA + CA–
BBQ-3’ hybridized with the pfcrt C72 wild-type allele
(CVIET haplotype) (the presence of a LNA nucleotide is
preceded by the sign +). The primers and probes were
designed in collaboration with Tib MolBiol Syntheselabor
(Berlin, Germany). Master mixes contained 1 μl Gen-
eAmp® 10 × PCR Gold Buffer (Applied Biosystems,
Branchburg, NJ), 2.5 mM MgCl2, 200 μM pooled dNTP,
500 nM of forward and reverse primers, 250 nM of each
probe, 1 U per reaction of AmpliTaq® Gold DNA Poly-
merase (Applied Biosystems) and 2 μl of template DNA
for a total reaction volume of 10 μl. Each reaction plate
was run with control DNA samples of P. falciparum, in
particular the 7G8/Brazil strain known to harbour the
pfcrt 72S mutated allele [34], F32/Tanzania and FCM29/
Cameroon as pfcrt C72 wild-type control [28], water and
DNA of healthy patient, which served as negative exter-
nal amplification controls. The multiplex TaqMan assay
reactions were carried out in a LightCycler® 480 Multi-
well Plate 384 (Roche Diagnostics) with the following
PCR programme: an initial step at 95°C for 12 minutes
followed by 45 cycles of 10 seconds at 95°C and 45 sec-
onds at 60°C. Data analysis for allelic discrimination was
performed with the LightCycler® 480 software (Roche
Diagnostics).
Statistical analysis
The proportions were compared using c2 test thanks to
SigmaStat® software. The significance level (P) was fixed
at 0.05.
Results
Pfmdr1 copy number
The copy number of pfmdr1 was determined for only 215
isolates from healthcare centres of central Yaoundé
because of the limited amount of DNA samples from
Mfou. Regardless of where the tested isolates were col-
lected, none of them were identified with pfmdr1 gene
amplification (Table 1). The estimated gene copy number
from all analysed isolates was close to 1, with an average
copy number of 1.05 and a standard deviation of 0.20
(data not shown).
Pfmdr1 and pfcrt genotypes
The prevalence of pfmdr1 and pfcrt alleles in blood sam-
ples obtained from different sites in Yaoundé is presented
in Table 1. The frequencies of the pfmdr1 86Y mutant
genotype were 76% (153/201) and 84% (175/209) in
Yaoundé and Mfou, respectively. Wild-type pfmdr1 N86
genotype was observed in 10% (20/201) and 4% (9/209) of
isolates, and 14% (28/201) and 12% (25/209) of isolates
presented a mixed genotype in Yaoundé and Mfou,
respectively. No significant differences were observed
between Yaoundé and Mfou.
The frequencies of pfcrt 76T mutant genotype were
71% (145/203) and 55% (125/229), the pfcrt K76 wild-
type allele was present in 19% (38/203) and 15% (35/229)
and mixed pfcrt alleles occurred in 10% (20/203) and 30%
(69/229) of the isolates in Yaoundé and Mfou, respec-
tively, with a significant difference (p < 0.001).
Contrary to pfcrt 76, a significant difference (p =
0.042) of the distribution of the alleles was observed
between Yaoundé and Mfou when all samples with
mixed pfmdr1 86 genotype are classified in mutant
group.
No significant differences were observed either
between the different healthcare centres of Yaoundé or
between the different times of sample collection (data
not shown).
None of the 414 samples tested for the codon 72 of pfcrt
gene was found with the mutant 72S allele (SVMNT
haplotype).
Discussion
As elsewhere in the world, a very rapid development of
resistance to anti-malarial drugs in Africa requires a reg-
ular monitoring in multiple and strategic points. With
53% of the population living in cities against 38% WHO
African region, Cameroon is a highly urbanized African
country [35]. This demonstrates the importance of
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epidemiological studies in large cities such as Yaoundé,
which currently has a population of over 1,800,000
inhabitants.
In the present study, a high prevalence of mutations
associated with drug resistance was found in Yaoundé
and its suburbs in both codon 76 of the pfcrt gene (83%)
and codon 86 of the pfmdr1 gene (93%) when all samples
with mixed genotype were classified as mutant (Table 1).
These results are in agreement with several other studies.
Previous works of Basco et al carried out in Yaoundé
showed that 70% of 157 P. falciparum clinical isolates
had the mutant pfcrt 76T codon in 2001 [36], and a large
majority of isolates (88% of 64) carried the pfmdr1 86Y
mutant allele between 1997 and 2000 [37]. Similarly,
Mbacham et al reported 77% and 76% prevalence of
mutant pfcrt 76T and pfmdr1 86Y codons, respectively,
in samples collected during the period 2004-2006 in
Yaoundé [38]. Despite different classification of double
populations and techniques with different sensitivity, the
prevalence of mutations appears to increase (pfcrt) or
remains at a high and relatively stable level (pfmdr1)
until 2009 in spite of the official withdrawal of CQ from
Cameroon in 2002. In some endemic areas, stopping the
widespread use of CQ resulted in a return of chloro-
quine-sensitivity associated with the reappearance of
wild-type genotypes. In the absence of drug pressure,
P. falciparum wild-type haplotypes have a selective
advantage over mutants. For example, in 1993, Malawi
was the first sub-Saharan African country to replace CQ
with SP nationwide in response to the high rates of CQ-
resistant falciparum malaria. This change resulted in a
decrease in the prevalence of the mutant pfcrt haplotype
associated with CQ resistance from 85% in 1992 to 13%
in 2000. For pfmdr1 86Y mutant codon, the same study
showed similar results but with lower amplitude (from
about 60% in 1993 to around 20% in 2000) [39]. The
recovery of CQ-sensitivity phenotype and genotype was
also observed elsewhere in Malawi [40], Kenya [41] and
China [42].
This stability of mutant pfcrt 76T and pfmdr1 86Y
genotypes observed in Yaoundé and suburb may be the
result of many factors. First of all, the choice of the
replacement treatment logically influences the type of
selected isolates. The use of SP, which has no influence
on the selection of mutant pfcrt and pfmdr1 genotypes,
has been shown to favour, by a phenomenon of selective
Table 1 Frequency of mutations and/or gene amplification in anti-malarial resistance markers pfmdr1 and pfcrt in
Plasmodium falciparum isolates in Yaoundé and Mfou, Cameroon
Genes and alleles Number of samples (%) P
Both sites Yaoundé Mfou
(Suburb of Yaoundé)
pfmdr1 amplification (na = 215, nb = NA)
1 pfmdr1 copy number 215 (100%) 215 (100%) NA NA NA
> 1 pfmdr1 copy number 0 (0%) 0 (0%) NA NA
pfmdr1 codon 86 (na = 201, nb = 209)
Mutant 86Y haplotype only 328 (80%) 153 (76%) 175 (84%) NS
Mixed N86 and 86Y haplotypes 53 (13%) 28 (14%) 25 (12%)
Wild-type N86 haplotype only 29 (7%) 20 (10%) 9 (4%)
Total mutant 86Y haplotypec 381 (93%) 181 (90%) 200 (96%) 0.042d
pfcrt codon 76 (na = 203, nb = 229)
Mutant 76T haplotype only 270 (62%) 145 (71%) 125 (55%) < 0.001e
Mixed K76 and 76T haplotypes 89 (21%) 20 (10%) 69 (30%)
Wild-type K76 haplotype only 73 (17%) 38 (19%) 35 (15%)
Total mutant 76T haplotypec 359 (83%) 165 (81%) 194 (85%) NSd
pfcrt codon 72 (na = 202, nb = 212)
Mutant 72S haplotype 0 (0%) 0 (0%) 0 (0%) NS
Wild-type C72 haplotype 414 (100%) 202 (100%) 212 (100%)
NA: not analysable because of the limited amount of DNA samples
NS: non significant
a: Number of total samples tested in the centre of Yaoundé
b: Number of total samples tested in the suburb of Yaoundé
c: Total mutant haplotype regroups single mutant haplotype and mixed haplotype, all samples with mixed genotype for the considered allele are classified in
mutant group.
d: comparison of total mutant haplotypes versus wild-type haplotypes
e: comparison of mutant, wild-type and mixed haplotypes
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advantage, the reappearance of CQ-sensitive isolates
harbouring wild-type pfcrt K76 and pfmdr1 N86 geno-
types [39-41]. The use of AL or artesunate-mefloquine
(AS-MQ) seems to favour the return to the predomi-
nance of wild-type pfmdr1 N86 genotype and, to a lesser
extent, to the wild-type pfcrt K76 genotype by an active
selection [14,43-45]. Inversely, AQ, a close Mannich
base analogue of CQ, or AS-AQ promotes the mainte-
nance of CQ-resistant isolates with the mutant pfcrt and
pfmdr1 genotypes by an active selective pressure [20,46],
as observed in the present study. Whereas in East Afri-
can countries like Malawi or Kenya, SP or AL had lar-
gely replaced CQ [47], in Yaoundé, in 2005, AQ was
still prescribed as a first-line anti-malarial drug in 20%
and 63% of adults and children under five years old,
respectively [2], and AS-AQ in 4.5% and 1.5%. AL was
used only in 8.3% and 2.4%, AS-MQ in 1.5% and 0.8%,
and SP in 5.8% and 0% of adults and children less than
five years old, respectively [2].
Secondly, the changes of P. falciparum resistance phe-
notype and genotype after the withdrawal of CQ depend
on the rapidity of drug replacement. For example, in
Malawi where a profound and rapid return to CQ sensi-
bility was observed, the change in drug policy from CQ
to SP was swift and efficient, so that SP became the only
available anti-malarial drug in less than one year after the
implementation of the new drug policy. In contrast, these
changes were progressive and lasted several years in
many areas as in Cameroon. In fact, in Yaoundé,
although the National Malaria Control Programme of
Cameroon had replaced CQ by AQ in 2002 and then AQ
monotherapy by AS-AQ since January 2004, CQ was still
largely accessible through the informal outlets (e.g. food
market) in August 2005 [2].
Finally, in a more general way, fitness loss of mutant
P. falciparum might be associated with the development
of compensatory mechanisms able to maintain mutant
parasites even in the absence of drug pressure [48]. This
feature might explain, at least in part, the persistence of
mutant pfcrt codon in Southeast Asia and South America
[49-51] and also in Cameroon, as described here.
In Mfou, a higher frequency of mixed pfcrt haplotypes
was observed at the expense of mutant pfcrt population.
This observation was not done for pfmdr1 haplotypes. A
possible reason for this observation is a drug pressure
selection different from that existing in Yaoundé.
Since the probes used to detect the mutation in codon
76 of pfcrt gene were not able to detect that of codon 72, a
new technique using LNA probes was developed in the
present study to discriminate the mutant SVMNT haplo-
type (72S mutation) from the wild-type CVIET haplotype
(C72 wild-type). Previous studies and data collected from
countries like Bolivia or India suggested that AQ has an
early and prominent role in the selection of parasites
carrying SVMNT haplotype associated with drug resis-
tance [24]. These parasites are highly resistant to AQ, but
only moderately resistant to CQ. Contrary to CVIET hap-
lotype, once the SVMNT haplotype emerges in a given
parasite population and CQ and AQ are removed, the
repopulation of sensitive strains may be very slow to occur
[24]. As the SVMNT haplotype was recently described in
Tanzania and Angola [22,23], it was important to verify
whether this haplotype existed in Yaoundé. None of the
samples tested for the codon 72 of pfcrt was found to
carry the SVMNT haplotype. These results are contrary to
what was observed in nearby African countries, such as in
Ghana [52], Tanzania [22] and Angola [23] where the pre-
valence of this haplotype was between 3.9% and over 50%.
It is possible that the observed predominance of SVMNT
haplotype in Angola is the result of frequent travels of Bra-
zilian and Angolan citizens between the two countries
[23], which is not the case in Cameroon. However, the
monitoring of pfcrt codons 72-76 should be pursued
because AQ has long been prescribed in Cameroon before
and since the cessation of the use of CQ (2002) and until
2005 [2] and seems to have an important role in the selec-
tion of the SVMNT haplotype [22].
The amplification of pfmdr1 gene has been more closely
linked to MQ and halofantrine (HAL) resistance [53-55].
In this study, pfmdr1 amplification was not observed in
Yaoundé between 2005 and 2009. Elsewhere in Africa, the
situation seems to be contrasted. In various studies con-
ducted in East Africa, only four samples were found with
pfmdr1 gene duplication, one in Kenya and three in Sudan
(near the Ethiopian border) among 475 isolates tested (57
in Sudan [9], 72 in Kenya [46], 186 in Zanzibar [53] and
160 in Malawi [54]). In West Africa, on the one hand,
none of 580 samples tested in Liberia and Guinea-Bissau
between 1981 and 2005 was found to be duplicated [55];
on the other hand, two studies had identified in Burkina
Faso, Ivory Coast, Togo and Madagascar, six pfmdr1
duplications among 112 samples tested [27,56]. In Central
Africa, data are limited since only 32 samples were
screened and all of them had a single copy of pfmdr1 gene
[27]. In this region, an exception is the study of Uhlemann
et al who found the duplication of pfmdr1 gene in five of
62 clinical isolates tested (8%) in 1995 in Lambaréné,
Gabon [57]. Four of these five patients harboured the
wild-type N86 pfmdr1 codon even though during this per-
iod 90% of isolates carried the mutant pfmdr1 codon 86
around Lambaréné [58]. However, in 2002 at the same
study site, none of 37 samples tested had pfmdr1 gene
duplication. These observations on pfmdr1 gene amplifica-
tion in Lambaréné are difficult to explain outside of the
possible selection of such a clone by previous clinical trials
on the same site, using low dose of mefloquine [58-60].
Nevertheless, these data showed that P. falciparum isolates
from Central Africa can have pfmdr1 gene duplication.
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The lack of pfmdr1 gene duplication in Yaoundé may
possibly be due to the very low use of MQ or HAL,
which represented only 1.5% of first-line treatments
against malaria in 2005 [2], but also partly to the high
prevalence of the pfmdr1 Y86 mutant allele. Indeed, in
Southeast Asia, pfmdr1 amplification has been suggested
to be incompatible in the presence of the mutant
pfmdr1 86Y allele [61]. However, the conclusion of that
Asian study has not been confirmed in Africa, where
the existence of parasites harbouring a duplicated
pfmdr1 gene with mutant 86Y codon has been reported
from Sudan [9], Gabon [57] and Ivory Coast [27,56].
The molecular analysis performed in the present study
did not find any pfcrt 72S mutation, which may be a
good sign for the continued use of AQ in combination
with AS. A regular evaluation of AS-AQ efficacy, in par-
allel with molecular surveillance, is required to ensure
the utility of AS-AQ in Cameroon. This ACT contri-
butes to the maintenance of a high prevalence of mutant
pfcrt 76T and pfmdr1 86Y alleles. The pressing question
is to predict how these parasites will evolve in the pre-
sence of AL pressure. Several scenarios can be envi-
sioned. Firstly, they could behave like Southeast Asian
isolates and will not progress to the duplication of
pfmdr1 gene in the absence of wild-type pfmdr1 N86
allele. Secondly, as already observed in some cases in
Africa [9,27,56,57], the parasites may acquire multico-
pies of pfmdr1 despite the pfmdr1 86Y mutation. Only
regular and exhaustive molecular monitoring of P. falci-
parum clinical isolates can provide the answer. How-
ever, the relevance of these results would be improved if
they were associated with information on different anti-
malarial drugs that are really taken by the patients
because these data often differ from the current national
recommendation.
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B. Résultats complémentaires 
La surveillance moléculaire mis en œuvre au Cameroun a été poursuivie afin de déterminer 
l’efficacité de la politique camerounaise de lutte contre le paludisme mise en place. Une 
nouvelle étude de prévalence des marqueurs pfmdr1 86 et pfcrt 72-76, ainsi que du nombre de 
copies de pfmdr1 a, donc, été réalisée à Yaoundé, sur la période allant de 2012 à 2013 soit 8 
ans après l'introduction des CTA. De manière à renforcer la pertinence des résultats de 
surveillance moléculaire obtenus, les données de consommation des antipaludiques ont 
également été recueillies sur une période de 4 ans (2008 – 2012). Ainsi les variations de 
prévalence des marqueurs moléculaires pourront être interprétées en fonction de la nature réelle 
de la pression thérapeutique. 
 
1. Méthodes 
Cette étude a été menée après approbation par le Comité d’Ethique et le Ministère Public 
Camerounais. Un total de 370 échantillons provenant de patients atteints de paludisme non 
compliqué à P. falciparum a été collecté entre 2012 et 2013. Les recrutements ont été mis en 
places dans les centres de santé de Yaoundé intra-muros comprenant Nkolndongo (184 patients, 
âge médian de 5 ans [de 6 mois à 17 ans]), Nlongkak (80 patients, âge médian de 5 ans [de 7 
mois à 15 ans]) et le centre d’action sociale et sanitaire (CASS) (111 patients, âge médian de 4 
ans [de 6 mois à 15 ans]). Les échantillons de sang ont été recueillis au bout du doigt avant que 
les patients n’aient reçu leur traitement antipaludique, et conservés sur papier buvard (FTA 
Elute Cards, Whatman). Après extraction de l’ADN, par ébullition, selon les recommandations 
du fournisseur, le génotypage des codons 76 de pfcrt et 86 de pfmdr1 et la détermination du 
nombre de copies de pfmdr1 ont été effectuées selon les mêmes méthodes que dans le travail 
présenté précédemment (Menard et al., 2012). 
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Les données de vente d’antipaludiques ont été récoltées auprès du seul organisme public 
représenté à Yaoundé, la Centrale Nationale d’Approvisionnement en Médicaments Essentiels 
(CENAME), ainsi qu’auprès des grossistes du secteur privé, Ubipharma et Pharmacam, sur une 
période allant de 2008 à 2012. Le nombre de boite de chacune des combinaisons thérapeutiques 
vendues et pour chaque conditionnement a été recensé chaque année et rapporté au nombre de 
traitements vendus par les organismes précités. 
 
2. Résultats 
a. Nombre de copies du gène pfmdr1 
Aucun des 370 isolats testés ne présentait une amplification du nombre de copies du gène 
pfmdr1 (Tableau 2). Le nombre de copies moyen a été estimé à 1,058 avec une déviation 
standard de 0,22. Les données obtenues de 2012 à 2013 n’étaient pas statistiquement différentes 
de celles observées sur la période de 2005-2009. 
 
b. Les génotypes de pfmdr1 et pfcrt 
La prévalence des différents allèles de pfmdr1 et pfcrt est présentée dans le tableau 2. Les 
fréquences totales d’haplotypes mutants pfmdr1 86Y et pfcrt 76T étaient de 59,9% et 39,3% 
entre 2012 et 2013, respectivement. La distribution de ces allèles était significativement 
différente de celle observée sur la période de 2005 à 2009 (pfmdr1 86Y = 90% - pfcrt 76T = 
81,2%) (p<0,0001). 
Les 75 échantillons porteurs d’un haplotype mutant pfcrt 76T ont été analysés pour le génotype 
de pfcrt72 afin d’identifier de possibles haplotypes SVMNT. Comme pour l’étude menée entre 
2005 et 2009, aucun échantillon n’était porteur de l’allèle mutant pfcrt S72 (haplotype 
SVMNT).  
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Tableau 2 : Comparaison des données de prévalence des génotypes pfmdr1 86, pfcrt 72 et pfcrt 
76, et du nombre de copies de pfmdr1 récoltées sur les périodes de 2005-2009 et 2012-2013 
 
Gènes et allèles 
Nombre d’échantillons (%) 
P 
2005-2009 * 2012-2013 
Nombre de copies de pfmdr1 (na = 215, nb = 370) 
copies de pfmdr1 ≤ 1 100% (215) 100% (370) 
NS 
copies de pfmdr1 ≥ 1 0% (0) 0% (0) 
Codon 86 de pfmdr1 (na = 201, nb = 192) 
Haplotype Mutant 86Y 76,1% (153) 44,3% (85) 
< 0,0001 d Mélange Haplotypes N86 et 86Y 13,9% (28) 15,6% (30) 
Haplotype Sauvage N86 10% (20) 40,1% (77) 
Total des haplotypes mutants c 90% (181) 59,9% (115) < 0,0001 e 
Codon 76 de pfcrt (na = 203, nb = 191) 
Haplotype Mutant 76T 71,4% (145) 29,3% (56) 
< 0,0001 d Mélange Haplotypes K76 et 76T 9,9% (20) 9,9% (19) 
Haplotype Sauvage K76 18,7% (38) 60,7% (116) 
Total des haplotypes mutants c 81,2% (165) 39,3% (75) < 0,0001 e 
Codon 72 de pfcrt (na = 202, nb = 54) 
Haplotype Mutant 72S 0% (0) 0% (0) 
NS 
Haplotype Sauvage C72 100% (202) 100% (54) 
NS : non significatif 
* : data issues de Ménard et al. 2012 
a : nombre total d’échantillons testés sur la période 2005-2009 
b : nombre total d’échantillons testés sur la période 2012-2013 
c : le total des haplotypes mutants regroupe les haplotypes mutants et le mélange des haplotypes 
mutants et sauvages 
d : comparaison des haplotypes mutants, sauvages et mélange  
e : comparaison du total des haplotypes mutants versus les haplotypes sauvages  
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c. Données de consommation des antipaludiques  
Alors qu’entre 2008 et 2010, le CTA le plus vendu était la combinaison AS-AQ, la répartition 
de vente s’est équilibrée entre les combinaisons AS-AQ et artéméther-luméfantrine (AL), en 
2011, chacun représentant 33,6% et 38,4% des CTA totaux vendus tous secteurs confondus, 
respectivement (figure 19). En 2011, une diversification du marché des antipaludiques a 
également été observée avec une augmentation du nombre de traitements AS-MQ vendus (qui 
est passé de 0,7% en 2010 à 11,8% en 2011) et une apparition de la combinaison DHA-PIP. 
Cette association a connu une progression rapide de vente, représentant près de 40% des ventes 
de CTA en 2012. 
 
 
Figure 19 : Répartition de la vente de traitements CTA par les réseaux public (CENAME) et 
privé (Ubipharma - Pharmacam) sur la période allant de 2008 à 2012 
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3. Discussion / Conclusion 
La rapide modification des profils de résistance aux antipaludiques en Afrique nécessite des 
suivis réguliers.  
Les échantillons récoltés entre 2005 et 2009 avaient révélé une forte prévalence des mutations 
pfcrt 76T et pfmdr1 86Y. Ces fréquences avaient augmenté (pfcrt) ou restaient élevées (pfmdr1) 
au Cameroun, comparativement aux prévalences observées entre 1999 et 2006, malgré 
l’abandon officiel de la CQ en 2002 (Basco, 2002; Basco and Ringwald, 2002; Mbacham et al., 
2010). Contrairement au retour de la chloroquino-sensibilité observé au Kenya (Mwai et al., 
2009) ou encore au Malawi grâce à un remplacement rapide de la CQ par la SP (Kublin et al., 
2003; Laufer et al., 2006; Mita et al., 2003), le maintien de la pression de sélection des allèles 
mutants était expliqué par l’utilisation d’un analogue de la CQ en molécule de substitution, 
l’AQ utilisée d’abord en monothérapie puis en association avec l'AS. Cependant aucun codon 
mutant pfcrt 72, connu pour être sélectionné par l’AQ, n’avait été détecté. L’absence de 
mutation pfcrt 72 observée dans cette première étude permettait de penser que les parasites 
circulants gardaient un bon niveau de sensibilité à l’AQ et que la poursuite de l’utilisation de la 
combinaison AS-AQ était possible. Les échantillons récoltés entre 2012 et 2013 montraient 
toujours une absence de mutation pfcrt 72 mais une augmentation de la prévalence des allèles 
sauvages de pfcrt K76 et pfmdr1 N86 comparativement aux fréquences observées entre 2005 et 
2009. Ce retour de la sensibilité à la CQ pourrait être expliqué par la moindre utilisation de 
l’AS-AQ entre 2009 et 2011, diminuant ainsi la pression médicamenteuse sur les parasites 
porteurs de mutations. En effet, l’AS-AQ recommandé par le Plan National de Lutte pour le 
Paludisme au Cameroun était distribué par la CENAME à un prix abordable contrairement à 
l’AL (Sayang et al., 2009). Cependant, l’évocation de l’apparition de prurit suite à la prise de 
l’ASAQ par les utilisateurs et prescripteurs, a provoqué une réticence des populations à prendre 
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ce traitement. Cet effet secondaire n’est cependant pas plus observé que pour d’autres CTA 
(Yavo et al., 2015; Zwang et al., 2012) même si elle a déjà été rapportée (Yavo et al., 2015). 
Cette « rumeur » a eu pour conséquence une augmentation de la prescription de la combinaison 
arthéméter + luméfantrine (AL) (Coartem®) en 2011 et l’apparition de nouvelles associations 
sur le marché (AS-MQ et DHA-PIP). L’arrivée de contrefaçons de AL au Cameroun a entrainé 
une modification des politiques de santé avec une non-recommandation puis une interdiction 
de commercialisation de cette association favorisant l’augmentation des ventes de la 
combinaison DHA-PIP (WHO, 2013). Le déclin de la prévalence des génotypes de résistance 
pfcrt 76T et pfmdr1 86Y est donc directement lié à un changement de la politique de santé, le 
« fitness » des parasites résistants étant moins bon que celui des parasites sauvages en l’absence 
de pression thérapeutique. Ce phénomène a déjà été observé à de nombreuses reprises, lors de 
l’utilisation de la SP comme traitement alternatif de la CQ au Malawi (Frosch et al., 2014; 
Kublin et al., 2003; Mita et al., 2003), et de l’association AL an Kenya (Lucchi et al., 2015). 
Un autre facteur possible favorisant le retour aux génotypes sauvages de pfcrt K76 et pfmdr1 
N86 pourrait être l’utilisation de la LUM comme molécule partenaire de l’artéméther, 
association dont les ventes ont augmenté autour de 2011. En effet, il a été montré que la 
combinaison AL sélectionnait les allèles sauvages de pfcrt K76 et pfmdr1 N86 (Malmberg et 
al., 2013; Venkatesan et al., 2014). Enfin, aucune amplification du gène pfmdr1 associée à la 
résistance à la MQ, à la LUM et à l’halofantrine (Nkhoma et al., 2009; Sisowath et al., 2007; 
Ursing et al., 2006), n'a été observée sur les deux périodes étudiées, surtout en raison de 
l'utilisation limitée voire nulle de ces molécules pour le traitement du paludisme entre 2008 et 
2012 au Cameroun. Cette absence d’amplification pourrait également être causée par la 
prédominance de l’allèle mutant pfmdr 86Y entre 2005 et 2009 (figure 19). En effet, en Asie 
du Sud Est, il a été suggéré que cette amplification était incompatible avec la présence de l’allèle 
mutant pfmdr1 86Y (Woodrow and Krishna, 2006). 
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Les données obtenues dans ces deux études rassurent quant à l’efficacité des molécules 
partenaires de l’artémisinine utilisés au Cameroun pour le traitement du paludisme non 
compliqué à P. falciparum. Le nombre de régimes thérapeutiques différents, utilisé au 
Cameroun, est important ce qui soumet les parasites à une pression médicamenteuse complexe 
rendant la prédiction de l’évolution phénotypique de Plasmodium difficile. Seule une 
surveillance moléculaire régulière et exhaustive des isolats de P. falciparum peut être un outil 
prédictif pertinent notamment si elle est associée aux informations de consommation en 
antipaludiques, les recommandations nationales différant souvent de la réalité du terrain.  
A l’heure actuelle, nous avons initié un nouveau travail de collecte d’échantillons sur la période 
allant de 2016 à 2017. Cette étude combinant l’analyse des marqueurs moléculaires et des 
données de consommation en antipaludiques associera également l’analyse des nouveaux 
marqueurs de résistance identifiés à ce jour, à savoir le polymorphisme de pfk13, marqueur de 
la résistance à l’ART (Annexe 2) et la duplication des plasmepsines 2-3 associée à la résistance 
à la PIP (Amato et al., 2016; Witkowski et al., 2016). En effet, une résistance aux artémisinines 
mais également aux molécules partenaires a émergé en Asie du Sud-Est et menacerait le 
contrôle du paludisme, notamment si elle atteignait le continent africain. L’analyse de tous ces 
marqueurs moléculaires de résistance permettra d’avoir une vue la plus exhaustive possible de 
la résistance au Cameroun. 
En attendant la collecte de ces nouveaux échantillons et face à l’urgence de la problématique 
de la résistance à l’ART, nous avons mis en place une étude de l’efficacité de la DHA au 
Cameroun grâce aux nouveaux outils phénotypiques et génotypiques récemment développés 
(Annexe2) (Ariey et al., 2014; Witkowski et al., 2013). 
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C. Efficacité de la DHA au Cameroun 
1. Introduction 
La découverte et le développement des molécules de la classe des artémisinines est un des plus 
grands succès de la fin du 20ème siècle dans le domaine de la santé. Afin de préserver l’action 
des artémisinines, l’OMS a recommandé leur utilisation en combinaison avec une molécule 
partenaire de demi-vie plus longue (MQ, LUM, AQ, PIP, SP) : ce sont les combinaisons 
thérapeutiques à base d’artémisinines (CTA). Les CTA constituent aujourd’hui le traitement de 
première intention contre le paludisme non compliqué à P. falciparum. Les progrès 
remarquables réalisés, à l’échelle mondiale, dans la lutte antipaludique nécessitent absolument 
de préserver l’efficacité de ces combinaisons thérapeutiques. Malheureusement, des souches de 
moindre sensibilité ont émergé en Asie du Sud-Est (Dondorp et al., 2009; Noedl et al., 2008) 
entrainant des échecs thérapeutiques aux CTA. En dépit des efforts de contrôle, ces souches 
résistantes sont maintenant présentes dans toute la région du Grand Mékong du fait d’une 
propagation rapide et d’émergence multiples (Amaratunga et al., 2012; Hien et al., 2012; Kyaw 
et al., 2013; Phyo et al., 2012). 
Malgré les changements observés dans la sensibilité parasitaire aux dérivés de l’artémisinine 
qui se manifestent chez les patients par une clairance parasitaire diminuée après un traitement 
par CTA, l’évolution clinique des patients demeure favorable à condition que le médicament 
partenaire reste efficace. En revanche, cette diminution de clairance parasitaire chez les patients 
traités par CTA expose un plus nombre de parasites à une monothérapie, augmentant ainsi le 
risque de développer une résistance au médicament partenaire. Si une résistance se développe 
vis-à-vis de la molécule partenaire, les échecs de traitement avec CTA sont susceptibles 
d'augmenter, comme cela a déjà été observé dans certaines régions : Thaïlande, Vietnam, sud-
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est du Myanmar (Amaratunga et al., 2012; Hien et al., 2012; Kyaw et al., 2013; Phyo et al., 
2012).  
Pour le continent Africain, la question est maintenant de savoir quand et où cette résistance aux 
CTA va émerger. Les données d’efficacité aux traitements pour le continent africain restent 
partielles et insuffisantes, notamment en Afrique Centrale. L’Afrique étant le continent le plus 
impacté par P. falciparum (en 2015, 92% des 429 000 décès (incertitude 235 000 – 639 000) 
dus au paludisme sont survenus en Afrique), la propagation ou l’émergence de la résistance à 
l’artémisinine dans cette zone pourrait être catastrophique et compromettrait tous les efforts 
consentis ces dernières années, comme cela a été le cas lors de l’installation de la résistance à 
la CQ (Trape et al., 2014). 
En janvier 2011, l’OMS a publié le Plan mondial de maîtrise de la résistance à l’artémisinine 
(Global Plan For Artemisinin Resistance : GPARC) qui demandait aux pays endémiques et 
partenaires d’appliquer quatre recommandations : tenter de stopper la propagation des parasites 
résistants ; intensifier le suivi et la surveillance pour évaluer la menace de la résistance à 
l’artémisinine ; améliorer l’accès au diagnostic et à des traitements rationnels avec les CTA ; et 
investir dans la recherche sur la résistance à l’artémisinine.  
L’utilisation des dérivés de l’ART en combinaison (CTA) rend difficile la surveillance de la 
sensibilité des deux médicaments au cours d’études cliniques de terrain. Aujourd’hui, en plus 
des essais cliniques, deux nouveaux outils de surveillance de la résistance à l’artémisinine sont 
disponibles : le Ring-stage Survival Assay (RSA) et la détermination du polymorphisme de 
pfk13. La mise au point du test phénotypique RSA ex vivo ou in vitro par Witkowski et al., a 
été une grande avancée pour cette surveillance (Witkowski et al., 2013). De même, la 
découverte du marqueur moléculaire pfk13 permet aujourd’hui de mener des études 
épidémiologiques de grande ampleur (annexe 2) (Ariey et al., 2014). Actuellement, 108 
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mutations synonymes de pfk13 ont été identifiées au Cambodge, au Vietnam, au Laos, en 
Thaïlande, au Myanmar et en Chine. En Afrique, l’analyse de 10 207 séquences a identifié 
seulement 108 échantillons porteurs d’une mutation de pfk13 non synonyme et non associée à 
une diminution de la susceptibilité à l’artémisinine in vitro (RSA) ou à un retard de clairance 
parasitaire (annexe 3) (Menard et al., 2016). Malgré l’absence de résistance en Afrique, la 
surveillance moléculaire de pfk13 doit être poursuivie afin de détecter rapidement tout 
changement. C’est dans cette optique que nous avons initié les travaux présentés ci-après. La 
définition du génotype de résistance, notamment la corrélation entre polymorphisme de pfk13 
et données phénotypiques, reste encore à affiner en Afrique, notamment au Cameroun, pays 
auquel nous nous sommes intéressés. Ainsi nous avons comparé le polymorphisme de pfk13 
aux données de susceptibilité ex vivo à la DHA ainsi qu’aux réponses parasitologiques et 
cliniques précoces aux CTA.  
 
2. Article 
 
Insight into k13-propeller gene polymorphism and ex vivo DHA-response 
profiles from Cameroonian isolates. 
 
Menard S, Tchoufack JN, Maffo CN, Nsango SE, Iriart X, Abate L, Tsapi MT, Awono-Ambéné 
PH, Abega Mekongo FA, Morlais I, Berry A 
 
Malar J. 2016 Nov 26;15(1):572. DOI: 10.1186/s12936-016-1622-x 
 
 
Menard et al. Malar J  (2016) 15:572 
DOI 10.1186/s12936-016-1622-x
RESEARCH
Insight into k13-propeller gene 
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Abstract 
Background: The spread of Plasmodium falciparum resistance to artemisinin derivatives in Southeast Asia is a major 
source of concern and the emergence of resistance in Africa would have dramatic consequences, by increasing 
malaria mortality and morbidity. It is therefore urgent to implement regular monitoring in sentinel sites in sub‑Saha‑
ran Africa using robust and easy‑to‑implement tools. The prevalence of k13‑propeller mutations and the phenotypic 
profiles are poorly known in sub‑Saharan Africa. Here, the k13‑propeller polymorphism was compared to both ex vivo 
susceptibility to DHA and early parasitological and clinical responses to artemisinin combination therapy (ACT).
Methods: Plasmodium falciparum isolates were collected in 2015 in Yaoundé (Cameroon) from patients treated with dihy‑
droartemisinin‑piperaquine combination. Samples were analysed for their susceptibility to artemisinin using the k13‑propel‑
ler sequencing, the ex vivo ring‑stage survival assay, the in vivo parasite positive rate and the clinical statute at day 2.
Results: None of the collected isolates revealed the presence of resistance mutations in the k13‑propeller sequence. 
The median ring‑stage survival rate for all the 64 interpretable isolates after a 6‑hour pulse of 700 nM dihydroarte‑
misinin was low, 0.49% (IQR: 0–1.3). Total parasite clearance was observed for 87.5% of patients and the remaining 
parasitaemic isolates (12.5%) showed a high reduction of parasite load, ranging from 97.5 to 99.9%. Clinical symptoms 
disappeared in 92.8% of cases.
Conclusion: This study demonstrated the absence of k13‑resistant genotypes in P. falciparum isolates from Cam‑
eroon. Only synonymous mutations were found with a low prevalence (4.3%). A good association between k13 geno‑
types and the ex vivo ring‑stage survival assay or parasitological and clinical data was obtained. These results give a 
baseline for the long‑term monitoring of artemisinin derivative efficacy in Africa.
Keywords: Artemisinins, Dihydroartemisinin, Resistance, Plasmodium falciparum, Ring‑stage survival assay, K13, 
Clearance, Cameroon
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Background
Malaria remains a major public health problem largely 
due to Plasmodium falciparum drug resistance. Arte-
misinin (ART)-based combination therapy (ACT) is the 
first-line treatment for falciparum malaria, used world-
wide to ensure the highest cure rates and to reduce the 
spread of drug resistance [1]. Unfortunately ART-resist-
ant P. falciparum was reported on the Cambodia/Thai-
land border in 2008, characterized by a reduced parasite 
clearance in patients as primary parasitological feature 
[2]. ART-resistance has spread and today the resist-
ance has been confirmed in five countries of the Greater 
Mekong Sub-region [3–7]. The identification of ART 
resistance in Asia is reminiscent of previously emerged 
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resistance to chloroquine and sulfadoxine-pyrimeth-
amine, which appeared in the same region and rather 
quickly reached Africa with dramatic consequences of 
increased malaria mortality and morbidity [8, 9]. The 
only question for Africa is to know when and where 
resistance to artemisinins will appear. It is, therefore, 
urgent to implement regular monitoring in several senti-
nel sites in sub-Saharan Africa using robust and easy-to-
implement tools.
In the presence of ART derivatives, resistant parasites 
are able to stop their life cycle in ring stage and enter in 
quiescence [10–12]. Because of this particular mecha-
nism of resistance, different from other anti-malarials, the 
standard determination of 50% inhibitory concentration 
(IC50) is not informative for assessing the level of resist-
ance of P. falciparum isolates to ART derivatives. Today, 
in addition to clinical trials, two new tools are available for 
surveillance of ART resistance: (i) the detection of single 
nucleotide polymorphisms (SNPs) in the PF3D7_1343700 
kelch propeller (k13-propeller domain) that have been 
identified as a key causal determinant in Southeast Asia 
[13, 14]; and, (ii) the ring-stage survival assay (RSA) [15] 
that gives phenotypic information, evaluating by micro-
scopic counting the proportion of viable parasites after a 
6-hour exposure to 700 nM dihydroartemisinin (DHA).
A total of 186 different k13 alleles have been reported 
[16] in Southeast Asia so far. In Africa, different non-
synonymous k13-propeller-region mutations have been 
reported but remain rare and highly diverse [17–19]. 
Moreover, these SNPs were different from those in Asia 
and have never been associated with increased parasite 
half-life values or clinical failures [19–22]. So the moni-
toring of ART susceptibility must be implemented in 
Africa but it will require the establishment of a baseline 
correlation between genotypic and phenotypic data. Fur-
thermore, to date only one study performed in Uganda 
evaluated the ex  vivo RSA associated with k13 polymor-
phism on few isolates (n  =  43), and this study did not 
report any increased survival rate associated with non-
synonymous k13 mutation [17].
In this work, the polymorphism in the k13-propeller 
domain of P. falciparum isolates from Yaoundé, Cam-
eroon was evaluated and these genotypic data were asso-
ciated to the in vivo and ex vivo phenotypic results. Thus, 
all these results provided baseline data of survival rate 
profiles according to the k13 gene polymorphism of Afri-
can P. falciparum isolates.
Methods
Study site and design
A prospective study was carried out between March and 
June 2015 in the Nkol-Eton healthcare centre in Yaoundé 
intra-muros, Cameroon. A finger-prick, Giemsa-stained, 
thick smear was performed on all patients with symp-
toms of malaria to assess the presence of P. falciparum 
asexual parasites. Patients ≥4 years old, with uncompli-
cated falciparum malaria and >1000 asexual parasites per 
μl on positive thick blood smear, were enrolled as volun-
teers after they or their parents had signed an informed 
consent form. Patients who had any anti-malarial treat-
ment within the 15-day period before falciparum diag-
nosis were excluded from the study. Patients with severe 
malaria (defined by WHO criteria) or with vomiting pre-
venting any oral treatment were referred to the hospital 
for adequate care and were not included in the study. At 
enrolment (day 0), study subjects’ parasite density, body 
temperature and body weight were recorded along with 
any other symptoms and signs.
The patients enrolled in the study were given a three-
day course of DHA 40  mg/piperaquine (PPQ) 320  mg 
(Malacur®, Elder Pharmaceuticals LTD, India) according 
to recommendations. The prescription was based on body 
weight (10 to <20 kg: 40 mg DHA + 320 mg PPQ or one 
tablet; 20 to <40 kg: 80 mg DHA + 640 mg PPQ or two 
tablets; ≥40 kg: 120 mg DHA + 960 mg PPQ or three tab-
lets). To ensure good treatment compliance the patients 
took the first dose of DHA/PPQ in Nkol-Eton healthcare 
centre in presence of a nurse and went home with the sec-
ond dose. Twenty-four hours after enrolment, a phone call 
to patients ensured that the second dose was well taken. 
The last third dose of DHA/PPQ was given during the 
follow-up visit on day 2 at the Nkol-Eton healthcare cen-
tre in presence of a nurse. In case of treatment failure, a 
standard replacement anti-malarial therapy (quinine salts) 
was administered according to WHO recommendations.
Ethics statement
All procedures involving human subjects used in this 
study were approved by the Cameroonian National Ethi-
cal Committee (statement n°: 2015/04/582/CE/CNERSH/
SP).
Ex‑vivo ring‑stage survival assay (RSA)
Venous blood samples were collected into acid-citrate-
dextrose (ACD) vacutainers at day 0 before treatment, and 
were kept at 4  °C until processing. The ex  vivo RSA was 
performed directly from the ACD blood sample within 
24  h after blood collection, as previously described [15]. 
Briefly, after elimination of plasma, white cells and anti-
coagulant, P. falciparum parasites with a parasitaemia 
between 0.1 and 1% were exposed to either 700 nM DHA 
or 0.1% dimethyl sulfoxide (DMSO) (DHA solvent) for 
6 hours, washed and then cultivated for 66 h at 37 °C under 
humid, oxygen-deficient atmosphere (candle jar). Micro-
scopic quantification of the proportion of viable parasites 
was performed by expert microscopists on Giemsa-stained 
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thin smears to calculate the growth rate as the ratio of par-
asitaemia between DMSO-exposed and initial conditions, 
and the survival rate as the ratio of parasitaemia between 
DHA-exposed and DMSO-exposed conditions. Survival 
data were considered interpretable only if the growth 
rate was ≥1. Equipment necessary for implementation of 
RSA included laminar flow hood, candle jar (without gas), 
−20 °C freezer, 4 °C fridge, and cold chain.
Sequencing of k13‑propeller domain
DNA was extracted from venous blood samples obtained 
at patient enrolment (day 0) using the spin protocol of 
QIAamp Mini kit® (Qiagen, Hilden, Germany) accord-
ing to manufacturer’s recommendations. PCR ampli-
fication and sequencing of k13-propeller domain were 
performed, as previously described [13]. After control on 
1.5% agarose gel electrophoresis, the PCR products were 
sequenced by ABI 3130xl Genetic Analyzer. Sequences 
were compared to 3D7 reference strain sequence with 
BioEdit Sequence Alignment Editor (version 7.2.3).
Early clinical and parasitological responses to treatment
Patients were asked to return to the healthcare centre 
for follow-up visits on day 2 after treatment. Each visit 
included completion of a standardized history form, a 
physical/clinical examination for recording any signs 
(temperature) or symptoms (headache, vomiting, diar-
rhoea, diffuse pain), and a finger-prick blood sample for 
thick smear. Blood smear slides were stained with a 10% 
Giemsa solution and examined microscopically under 
oil-immersion at 1000×. Parasitaemia was determined 
by counting the number of asexual parasites against 500 
white blood cells and the density estimated consider-
ing 8000 white blood cells per µl. Slides at day 2 were 
assessed independently by two expert microscopists. A 
third microscopist validated any case of discordance.
Clinical and parasitological responses to treatments 
were classified as follows: (1) parasite negativity rates 
(PNRs) for the proportion of patients without any para-
sitaemia on day 2; (2) parasite positivity rates (PPRs) for 
the proportion of patients remaining parasitaemic on day 
2; and, (3) early treatment failure (ETF) for patients with 
danger signs, complicated malaria or presence of parasi-
taemia on day 2 with fever (rectal temperature ≥38 °C) or 
parasitaemia on day 2 higher than on day 0. Patients were 
excluded from the clinical and parasitological assessment 
if they were lost to follow-up.
Statistical analysis
All statistical tests were performed using GraphPad 
Prism software version 5 (GraphPad Inc., San Diego, 
CA, USA). Data that were not normally distributed were 
displayed as median along with interquartile ranges and 
were compared with Mann–Whitney U test for two 
group comparisons. The Gaussian data were reported as 
the mean ± standard deviation and were analysed using 
the t test for two group comparisons. Proportions were 
compared using the χ2 test or the Fisher’s exact test, as 
appropriate. Correlations were determined using the 
Spearman test. A comparison was considered statistically 
significant if the p value was ≤0.05.
Results
Baseline characteristics of eligible patients through the 
study
Between March and June 2015, a total of 166 patients with 
falciparum malaria were enrolled. The flow of patients 
through the study is displayed in Fig.  1. The baseline 
characteristics of these patients are given in Table 1. The 
weight adjusted drug dose (mg/kg) was calculated in 98% 
of the patients as the body weight was available in 96 of the 
98 patients. Some 76.0% of the patients (73/96) received 
a total dose of DHA and PPQ components, which fol-
lowed WHO recommendations (DHA: 2–10 mg/kg; PPQ: 
16–27  mg/kg). The 24.0% (23/96) other patients who 
received a dose of DHA and PPQ components under the 
WHO recommendations were all over 15 years old.
K13‑propeller polymorphisms
The k13 gene was genotyped from 98 P. falciparum iso-
lates out of the 166 eligible patients. For 57 patients, no 
blood sample was obtained because of blood collection 
Lost view
n= 13
Elligible Patients 
n=166
RSA failure
(Growth rate < 1)
n= 27
Parasitaemia < 0.1% 
Contamination
n= 2
Amplification or 
Sequencing failure
n= 5
Antimalarial treatment 
< 15 days
n= 11
Absence of 
blood sample
n= 57
K13 sequencing
n=93
Included Patients
n=98
Ex vivo RSA
Clinical/Parasitological assessment
n=64
Fig. 1 Patients’ flow through the study
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difficulties or technical understaffing and 11 other 
patients used anti-malarial treatment within the 15 day-
period before enrolment (Fig.  1). Five samples failed to 
amplify or did not generate high-quality sequences for 
analysis (Fig.  1). The k13-propeller sequence polymor-
phism analysis of the 93 isolates revealed only wild-type 
profiles (95% CI: 96.31–100%) with four (4.3%) synony-
mous changes.
Ex‑vivo ring‑stage survival assay (RSA)
DHA susceptibility data obtained for the 93 k13-sequenced 
samples were analysed using the ex vivo RSA (Fig. 1). The 
64 isolates with an interpretable RSA (growth rate ≥1) had 
a median survival rate of 0.49% (IQR: 0–1.3) (Fig. 2). Forty 
of the 64 (62.5%) DHA-exposed isolates demonstrated via-
ble parasites with a median parasitaemia of 0.012% (IQR: 
0.007–0.029) and a median survival rate of 1.14% (IQR: 0.6–
2.2) whereas 24 (37.5%) cultures contained only pyknotic/
dead forms (Fig.  2a). The dispersion of ex  vivo RSA data 
was high: four isolates (6.3%) had a survival rate higher than 
the mean survival rate plus 2 standard deviations (3.4%). 
There were no significant differences in the growth rate 
(mean = 1.878 ± 0.435 vs 2.317 ± 0.2413; t-test; P = 0.644) 
or in the initial parasitaemia (mean  =  0.630  ±  0.065 vs 
0.669 ± 0.052; t-test; P = 0.848) between parasites with a 
high or a low survival rate.
Early clinical and parasitological responses to treatment
Clinical and parasitological characteristics of the studied 
population are shown in Table  2. The parasite clearance 
rate for this study was rapid as the PPR decreased to 12.5% 
(8/64) on day 2. The parasitaemia at day 2 in the PPR group 
was low with a median of 293 (IQR: 145–736) and a maxi-
mum of 1143 parasites per µl of blood. No patients pre-
sented ETF. Whereas some isolates remained parasitaemic 
at day 2, the rate of parasite decrease was high and varied 
between 97.5 and 99.9%. The PPR at day 2 was not affected 
by the baseline parasite density at day 0. Most patients 
(92.8%) were totally asymptomatic within 48 h after drug 
administration. No difference in age, weight, fever, DHA/
PPQ anti-malarial doses or symptoms was observed 
between patients in day-2 PPR and PNR groups. No dif-
ference in survival rate in the ex vivo RSA was observed 
between the two groups, day 2 PPR and PNR (Fig. 2b).
Discussion
The spread of resistance threatens the global control of 
falciparum malaria, especially if resistance reaches sub-
Saharan Africa, the most malaria affected area, and this 
makes crucial a closely monitoring of efficacy of ACT.
Here, a genotypic (k13 polymorphism) characteriza-
tion of Cameroonian P. falciparum isolates was reported. 
Ex-vivo and in-vivo phenotypic profiles of these parasites 
were given for comparison in order to have a baseline 
picture of artemisinin susceptibility. The sequencing of 
the k13-propeller domain from samples from Cameroon 
did not reveal resistance genotypes and only detected 
synonymous mutations at a low prevalence (4.3%). The 
genotypic profile observed in this study was consistent 
with other African data that have not reported Asian 
profiles but only non-synonymous SNPs not associated 
with ART resistance [16, 19].
The ex  vivo RSA performed in this study has been 
developed and validated in Southeast Asia to distinguish 
fast-clearance parasites from slow-clearance parasites 
in the field [15], and resistance phenotypes obtained 
in RSA strongly correlate with the presence of muta-
tions in the k13-propeller domain [13]. The phenotypic 
data obtained from this study were in agreement with 
the genotypic ones. The absence of k13 polymorphisms 
was associated with a low median of survival rate for the 
tested isolates (0.49%). The high dispersion of ex  vivo 
RSA data observed in this study could not be explained 
Table 1 Baseline characteristics of  the patients included 
in the study at day 0
Baseline characteristics
Patients (n) 98
Gender
 Sex ratio n (%) 0.96
 Male 48 (49.0%)
 Female 50 (51.0%)
Age
 Median age (IQR) (years) 11.5 (6–18.8)
 <8 years n (%) 39 (39.8%)
 8–15 years n (%) 23 (23.5%)
 >15 years n (%) 36 (36.7%)
Body weight (n = 96)
 Median body weight (IQR) (kg) 33 (21–57)
 <25 kg n (%) 37 (38.5%)
 ≥25 kg n (%) 59 (61.5%)
Temperature
 Median (IQR) (°C) 38.2 (37–39.5)
 Fever (temperature ≥ 38 °C) n (%) 51 (52.0%)
Symptoms n (%)
 Headache 66 (67.3%)
 Vomiting 42 (42.9%)
 Diarrhoea 8 (8.2%)
 Diffuse pain 9 (9.2%)
P. falciparum asexual parasite density
 Median parasitaemia (IQR) (parasites/µl) 42,332 (17,893–87,302)
Anti‑malarial dose (mg/kg) (n = 96)
 DHA Median (IQR) 2.5 (2.0–3.0)
 PPQ Median (IQR) 19.8 (16.3–24)
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by the variability in parasite clearance time as no signifi-
cant difference in survival rates was observed between 
PPR and PNR isolates. Moreover, the four isolates with a 
survival rate higher than the mean plus 2 standard devia-
tions showed no remaining parasitaemia on day 2 and 
had no k13 polymorphism. These results are comparable 
to those observed by Ashley et al. who occasionally found 
patients with parasite clearance half-life values more than 
5 hours but without association with k13 polymorphisms 
[21]. These data were consistent with the survival rates 
obtained in the only ex vivo RSA study performed in East 
Africa (Uganda), which varied between 0.7 and 1.9% [17]. 
However, in their study, Cooper et al. reported only three 
out of 43 DHA-pulsed cultures with healthy-appearing 
parasites [17], which is lower than that obtained in the 
present work (40/64). Other factors unrelated to ART 
resistance could influence the dispersion in survival rate 
and/or a low number of positive DHA-pulsed cultures, 
such as a lower growth rate during the ex vivo RSA or a 
difference in parasite age or density at the initiation of the 
test. Indeed Witkowski et  al. pointed out in Cambodia 
that a growth rate higher than 1 is required to correctly 
analyse survival rate from ex  vivo RSA [15]. Witkowski 
et al. also showed that RSA performed with late-ring or 
trophozoite forms does no longer identify a slow-clear-
ance infection, by contrast to RSA with early-ring forms 
[15]. So storage and transport conditions of parasite iso-
lates before processing are highly important in order to 
have the earliest parasite stages and then to obtain the 
more reliable survival rates in the ex vivo RSA.
In this study, the genotypic and ex  vivo phenotypic 
profiles were associated with a rapid parasite reduc-
tion ratio. At day 2, 87.5% (56/64) of patients had no 
detectable parasitaemia, the remaining 12.5% had a 
low P. falciparum density and the prevalence of clini-
cal symptoms was highly reduced for all patients. Sim-
ple measure of parasitaemia is a good approximation 
of the parasite clearance rate [21]. In this study, the 
clinical and parasitological assessment was chosen to 
be based on a follow-up with two time points, at enrol-
ment (day 0) and at day 2, regarding the fast parasite 
clearance time observed in Africa [23–25] as in the 
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Fig. 2 Ex‑vivo survival after exposure to DHA. Ex‑vivo RSA exposed 93 isolates obtained from patients with uncomplicated falciparum malaria to 
700 nM DHA or dimethyl sulfoxide (DHA solvent) during 6 h. Data were considered interpretable if the growth rate was ≥1. a Results obtained 
in the ex vivo RSA from the 64 isolates with interpretable data (growth rate was ≥1) are expressed as the survival rate of P. falciparum parasites 
after a 6 hour exposure to 700 nM DHA compared with dimethyl sulfoxide (DHA solvent). The horizontal line represents the mean and whiskers the 
interquartile range. b Survival rates obtained in the ex vivo RSA from the 64 isolates with interpretable data are expressed in the two groups, day 2 
PNR and day 2 PPR. Day 2 PNR represented the proportion of non‑parasitaemic patients on day 2 whereas day PPR 2 represented the proportion of 
patients remaining parasitaemic on day 2, respectively. The ex vivo RSA data were analysed using the t‑test for two group comparisons
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Nkol-Eton healthcare centre. Despite a possible correla-
tion between parasitaemia at day 2/3 and at enrolment 
[26], the assessment of the proportion of patients with 
a detectable parasitaemia at day 2 seemed a relevant 
parameter for quantitatively comparing with genotypic 
and ex vivo phenotypic profiles, and for rapidly detect-
ing any change in P. falciparum susceptibility. Moreover 
this follow-up is easier to implement in healthcare cen-
tres compared to the six measurements within the first 
48 h of treatment that require hospitalization of patients 
and a dedicated staff.
This study finally shows the feasibility of an overall, 
effective and inexpensive assessment of the susceptibil-
ity of P. falciparum to artemisinin derivatives that could 
be implemented in most endemic countries with minimal 
equipment (listed in “Methods” section, with the excep-
tion of sequencing that can be achieved at a later stage) 
but with experienced and well-trained technicians for the 
correct execution of the RSA.
Conclusions
This study gives reassurance about the level of ART 
resistance in Cameroon and provides baseline data of k13 
polymorphism, survival rate in ex vivo RSA and PPR pro-
files that will be essential for monitoring ART-derivative 
susceptibility in Africa. Similar studies will be required in 
other African countries to obtain an exhaustive view of 
these phenotypic data.
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3. Discussion / Conclusion 
Cette étude avait pour but de caractériser le polymorphisme de pfk13 d’isolats de P. falciparum 
camerounais et d’étudier leurs profils phénotypiques ex vivo (test RSA) et in vivo (positivité de 
la parasitémie au jour 2 après traitement). 
Les données obtenues permettent d’être rassurant quant à l’efficacité des traitements à base 
d’artémisinine utilisés contre P. falciparum à Yaoundé, Cameroun. En effet, aucune mutation 
synonyme de pfk13 n’a été mise en évidence. Ce profil génotypique était en accord avec les 
autres données africaines publiées qui n’avaient détecté que des mutations non associées à la 
résistance à l’artémisinine (Kamau et al., 2015; Menard et al., 2016; WHO, 2016b). En effet,  
le consortium KARMA (K13 Artemisinin Resistance Multicenter Assessment Consortium) 
auquel nous avons participé, avait permis de réaliser une cartographie mondiale du gène pfk13, 
identifié, 2 ans auparavant, comme déterminant majeur de la résistance de P. falciparum à 
l’ART. L’évaluation de 14 037 échantillons sanguins de patients infectés par P. falciparum, 
parmi lesquels 593 échantillons provenaient du Cameroun, avait identifié de rares mutations 
non-synonymes (3 à 8 ,3%), différentes de celles observées en Asie et non associées à un délai 
de clairance parasitaire. La mutation A578S retrouvée dans plusieurs sites d’Afrique et d’Asie 
a été évaluée pour l’avantage sélectif éventuel qu’elle pourrait apporter. Cependant, la souche 
Dd2 portant la mutation A578S s’est révélée aussi sensible que la souche parentale (Menard et 
al., 2016).  
Dans notre travail, les profils phénotypiques provenant du test RSA ex vivo confirmaient les 
données génotypiques. En effet, grâce à ce test développé pour rechercher les souches 
résistantes en Asie du Sud-Est, il a été mis en évidence une médiane basse de taux de survie 
(0,49%) des isolats testés, en accord avec l’absence observée de polymorphisme de pfk13 ainsi 
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qu’avec les seuls résultats de RSA publiés en Afrique de l’Est (Uganda) (Cooper et al., 2015). 
La forte dispersion des taux de survie observée ne pouvait pas être expliquée par une diminution 
de la clairance parasitaire. En effet, les patients avec les plus forts taux de survie ne présentaient 
aucune parasitémie résiduelle au jour 2. De même, les taux de survie obtenus pour les patients 
avec une parasitémie résiduelle au jour 2 étaient comparables à ceux observés pour les patients 
dont la parasitémie était négative au jour 2. Certains facteurs comme une parasitémie faible ou 
un faible taux de croissance pendant le test RSA, pouvaient influencer les résultats. De même, 
Witkowski et al. ont montré qu’un test RSA réalisé sur des parasites au stade ring âgé ou 
trophozoïte, et non au stade ring jeune, ne permettait pas de différencier des phénotypes de 
résistance (Witkowski et al., 2013). Les conditions de stockage et de transport des échantillons 
sont donc des facteurs très importants à prendre en compte pour l’obtention de résultats les plus 
fiables possibles. L’existence de ces facteurs de variabilité nécessite de valider les données ex 
vivo par un RSA in vitro, mais ce test reste difficile à mettre en place dans beaucoup de zones 
d’Afrique. 
Cette étude permet également de collecter les premières données concernant les taux de survie 
parasitaire d’isolats camerounais en réponse au test RSA ex vivo ainsi que les profils de 
positivité parasitaire au jour 2. Ces résultats pourront ainsi servir de base de comparaison pour 
les données futures afin de mieux percevoir un éventuel changement de sensibilité des souches 
de P. falciparum aux ARTs. En effet, les clairances parasitaires en Afrique étant plus rapides 
qu’en Asie, une augmentation de positivité au jour 2 devra alarmer sur le niveau de résistance. 
Enfin cette étude a permis de montrer la faisabilité de la mise en place d’une évaluation globale, 
efficace et non coûteuse, de la sensibilité de P. falciparum aux dérivés de l’artémisinine 
directement dans les pays d’endémie palustre. Toutes ces données, rarement rapportées en 
Afrique, sont donc importantes pour organiser une surveillance épidémiologique de l’évolution 
de la sensibilité de P. falciparum aux antipaludiques.  
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Notre étude a permis de rassurer sur le niveau de résistance à l’ART au Cameroun. Cependant 
ce travail devra être répété régulièrement au Cameroun mais aussi dans d’autres pays africains 
pour identifier toute modification phénotypique et génotypique liée à la résistance. 
 
D. Epidémiologie des marqueurs moléculaires pfdhfr et pfdhps au 
Cameroun 
1. Introduction 
Exceptions faites des moustiquaires imprégnées qui protègent des vecteurs moustiques et des 
CTA utilisés dans le traitement du paludisme non compliqué à P. falciparum, la combinaison 
SP, grâce à sa pharmacocinétique et sa tolérance, est la seule prophylaxie efficace et disponible, 
recommandée par l’OMS. Le paludisme gestationnel reste un problème de santé publique 
important responsable d’une mortalité et morbidité significative chez les femmes enceintes et 
les enfants à naître. Depuis plusieurs années, la pression thérapeutique a sélectionné des souches 
de P. falciparum moins sensibles et résistantes à la SP. Ce phénomène est lié à la présence de 
mutations dans les gènes pfdhfr et pfdhps impliqués dans la voie de synthèse des folates. 
En Afrique, les isolats de P. falciparum avec de hauts niveaux de résistance à la SP sont 
principalement trouvés en Afrique de l’Est et du Sud-Est (Naidoo and Roper, 2013). Le 
prérequis moléculaire à ce haut niveau de résistance est la présence d’un mutant quintuple 
combinant une triple mutation dans le gène pfdhfr (N51I, C59R et S108N) et une double 
mutation dans le gène pfdhps (A437G et K540E). La présence d’au moins une mutation 
additionnelle A581G ou A613S/T sur le gène pfdhps ou I164L sur le gène pfdhfr confère un 
haut niveau de résistance à la SP associée avec une diminution de l’efficacité clinique 
(Harrington et al., 2009; Karema et al., 2010).  
Au Cameroun, les traitements préventifs intermittents pendant la grossesse (TPI) ont été 
adoptés en 2004. La SP a également été utilisée pendant de nombreuses années pour le 
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traitement du paludisme non compliqué à P. falciparum alors qu’elle ne faisait pas partie des 
traitements de première intention recommandée. Alors que les dernières études datent de 2005, 
nous avons entrepris d’analyser les changements de prévalence des marqueurs moléculaires 
impliqués dans la résistance à la SP au Cameroun, chez des femmes enceintes ayant reçu ou 
non un TPI à la SP. 
 
2. Article 
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Objectives: To determine, 6 years after the adoption of intermittent preventive treatment of pregnant women
with sulfadoxine/pyrimethamine (IPTp-SP) in Cameroon, (i) the polymorphism and prevalence of Plasmodium fal-
ciparum dihydrofolate reductase (pfdhfr) and dihydropteroate synthase (pfdhps) gene mutations associated with
sulfadoxine/pyrimethamine resistance and (ii) the consequences of sulfadoxine/pyrimethamine use in the selec-
tion of pfdhfr/pfdhps alleles.
Methods: pfdhfr and pfdhps genes from P. falciparum isolates collected in Yaounde´ (Cameroon) from pregnant
women with symptomatic malaria before taking IPTp-SP [SP2 group (control) (n¼51)] or afterwards [SP+ group
(n¼49)] were sequenced.
Results: The pfdhfr N51I, C59R, S108N triple mutant had a prevalence close to 100% (96/100) and no mutations
at codons 50 and 164 were detected in either of the groups. The most frequent pfdhps mutation was A437G with
a prevalence of 76.5% (39/51) in the SP2 group, which was significantly higher in pregnant women who took
sulfadoxine/pyrimethamine [95.9% (47/49)] (P¼0.012). Our study confirmed the presence of the pfdhps
K540E mutation in Cameroon, but it remained rare. The prevalence of pfdhps A581G and A613S mutations
had increased [5.9% (3/51) and 11.8% (6/51) in the control group, respectively] since the last studies in 2005.
Surprisingly, the new pfdhps I431V mutation was detected, at a prevalence of 9.8% (5/51), and was found to be
associated with other pfdhfr/pfdhps alleles to form an octuple N51I, C59R, S108N/I431V, S436A, A437G, A581G,
A613S mutant.
Conclusions: Significant changes were found in pfdhps polymorphism. In particular, we observed several para-
sites carrying eight mutations in pfdhfr/pfdhps genes, which are very susceptible to having a high level of resist-
ance to sulfadoxine/pyrimethamine.
Introduction
Pregnancy-associated malaria (PAM) is a significant public-health
problem in sub-Saharan Africa. Each year, 35 million pregnancies are
exposed to malaria.1 PAM is an important cause of maternal and neo-
natal morbidity, such as severe maternal anaemia, retardation of
intrauterine growth, low birth-weight, premature delivery, intra-uterine
death and stillbirth, and can lead to maternal or neonatal mortality.2
In the mid-1990s, sulfadoxine/pyrimethamine replaced
weekly chloroquine prophylaxis as the drug-based strategy to
prevent malaria during pregnancy because of the extension of
chloroquine resistance. In areas of stable Plasmodium falciparum
malaria transmission, the WHO recommends intermittent pre-
ventive treatment for malaria during pregnancy (IPTp), with at
least two doses of sulfadoxine/pyrimethamine that should be
taken after quickening (second and third trimesters).3
Sulfadoxine/pyrimethamine resistance is conferred by muta-
tions in the P. falciparum dihydrofolate reductase (pfdhfr)
and dihydropteroate synthetase (pfdhps) genes, which encode
enzymes targeting pyrimethamine and sulfadoxine, respectively.4,5
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Accumulation of pfdhfr and pfdhps mutations leads to increasing
levels of sulfadoxine/pyrimethamine resistance in vivo.6,7 In com-
bination with a pfdhfr triple mutant N51I, C59R, S108N allele, the
pfdhps A437G mutation has been found to be associated with
treatment failure in West and Central Africa.8,9 A quintuple mutant
genotype that combines the pfdhfr triple mutant with the pfdhps
double A437G+K540E mutations, which are mainly found in East
Africa, is a significant predictor of sulfadoxine/pyrimethamine
treatment failure.10,11
Recently, Naidoo et al.12 introduced the concept of ‘super-
resistant’ genotypes, which further raises the threshold of drug tol-
erance in parasites. Two ‘super-resistant’ genotypes have been well
documented. The first corresponds to the additional pfdhps A581G
mutation in combination with the quintuple pfdhfr/pfdhps N51I,
C59R, S108N/A437G, K540E mutant. Only found in East African
foci,12,13 the initial indications are that their effect on IPTp with sul-
fadoxine/pyrimethamine (IPTp-SP) efficacy is highly detrimental.14
The second genotype, well known in East Asia and South America,
has been also identified in East Africa12 and corresponds to the add-
itional pfdhfr I164L mutation to the pfdhfr N51I, C59R, S108N allele.
This combination confers a very high level of resistance to pyrimeth-
amine and sulfadoxine in vitro and in vivo,15,16 especially as it is asso-
ciated with the pfdhps A437G, K540E alleles. A third genotype that
combines the pfdhpsA613S/T mutation with the pfdhfr/pfdhpsN51I,
C59R, S108N/A437G, K540E genotype has also emerged in East
Africa12 and could have this ‘super-resistant’ phenotype status;
however, this assumption is only based on an in vitro result.17
In Cameroon, IPTp-SP was adopted in 2004 with significant sup-
port from the Ministry of Health as sulfadoxine/pyrimethamine is
free of charge for pregnant women attending antenatal clinics
from week 16 of gestation. Regardless of prophylaxis, sulfadox-
ine/pyrimethamine has been used for the treatment of uncompli-
cated malaria for several years without being recommended as a
first-line policy. To date, outside of studies conducted by Tahar
and Basco18 and McCollum et al.19 on samples collected in and
before 2005, no work has evaluated changes in the prevalence of
whole molecular markers implicated in sulfadoxine/pyrimethamine
resistance in Cameroon.
Methods
Study site and design
A prospective study was carried out between April 2010 and March 2011 in
the Health Care Center of the CASS (Centre d’Animation Sociale et
Sanitaire) in Yaounde´ intra-muros (3852′N, 11831′E), Cameroon.
The CASS has a maternity centre that oversees nearly 3500 births each
year. At this centre, IPTp is routinely administered to pregnant women as
three tablets of sulfadoxine (500 mg) and pyrimethamine (25 mg) in a sin-
gle dose during the consultation in the presence of a nurse, a second dose
at least 4 weeks after the first dose, and possibly a third dose if the gesta-
tional age permits (i.e. ,36 weeks of gestation).
In this study, symptoms suggestive of malaria (fever, shivering, head-
ache, nausea or vomiting) were actively searched for between the first
antenatal visit and delivery. If there were symptoms, finger-prick blood
samples for thick smears were collected and assessed for the presence
of P. falciparum malaria. At the same time, capillary blood samples were
placed on Whatman 3MM filter paper (Whatman) for DNA conservation.
Thick smears were Giemsa stained and then examined microscopically
using a 100× oil-immersion objective.
Eligible
n = 133
Included
n = 121
SP− group
n = 57
SP+ group
n = 64
SP− group
n = 51
SP+ group
n = 49
Sequencing failure*
n = 15
Excluded
(HIV+, curative treatment)
n = 12
Sequencing failure*
n = 6
One SP dose
n = 28
Three SP doses
n = 7
Two SP doses
n = 14
Figure 1. Flow chart of participants through the study. The number of sulfadoxine/pyrimethamine (SP) doses was considered at the time of the blood
collection. *The sequencing failure was due to low parasite burden and poor conditions of conservation.
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Pregnant women aged .18 years and who had a positive thick blood
smear were enrolled as volunteers after they had signed an informed con-
sent form (Figure 1). HIV-positive women and those who had received
curative treatment for malaria since the beginning of their pregnancy
were excluded.
Women were classified as being within the SP2 group (control) if they
had not received IPTp-SP since the beginning of their pregnancy. The SP+
group corresponded to women who had received at least a first course of
IPTp-SP and had correctly followed prophylaxis as set out by CASS until
malaria diagnosis. Following national guidelines, all participants with a
positive thick blood smear received a treatment dose of quinine (24 mg/kg
for 7 days) after sample collection.
Ethics
All procedures involving human subjects used in this study were approved
by the Cameroonian National Ethical Committee (statements no. 230/
CNE/SE/2010).
DNA extraction and sequencing
DNA was extracted from filter paper using the chelex-100 (Sigma Aldrich)
boiling method.20 Screening for mutations of pfdhfr and pfdhps genes was
performed as previously described,18,21 with minor modifications. The
Veriti 96-Well Thermocycler (Applied Biosystems) was programmed as fol-
lows: denaturation at 948C for 9 min for the first cycle, and for 60 s for the
subsequent 30 cycles; annealing at 508C (pfdhfr) or 528C (pfdhps) for 90 s
for the first cycle and 60 s for the subsequent 30 cycles, plus an extension
at 728C for 60 s for 31 cycles.
Sequencing of the dhfr/dhps fragments was done on both strands
using nested primers with a mixture of 1 mL of amplified product, 2 mL
of a Big Dye terminator V1.1 cycle sequencing kit (Life Technologies) and
0.2 mM nested primer, in a final volume of 10 mL, and the following pro-
gram: 968C for 60 s for initial denaturation, 968C for 10 s, 508C for 5 s
and 608C for 75 s, for 25 cycles. The product was sequenced using an
ABI PRISM 3100 Genetic Analyzer (Applied Biosystems).
Statistical analyses
Data were analysed with R software (version 3.0.2). To compare the fre-
quency of mutations in each group, we used the x2 test or Fisher’s exact
test, as appropriate. A comparison was considered statistically significant
if the P value was ≤0.05.
Results
Prevalence of SNPs in pfdhfr and pfdhps genes
A total of 121 isolates were collected between 2010 and 2011,
and 100 sequences were successfully obtained for the two
genes (Figure 1). The results of the sequencing of pfdhfr and
pfdhps are shown in Table 1 for each SNP. The pfdhfr mutations
at codons 51, 59 and 108 in the SP2 group were predominant,
and their prevalence was statistically identical to the SP+ group.
No mutations in the pfdhfr gene at codons 50 and 164 were
detected whatever the group. The most frequent pfdhps muta-
tions in the SP2 group were S436A and A437G. The prevalence
of the A437G mutation was significantly higher in the SP+
group [47/49 (96%)] than in the SP2 group [39/51 (76.5%)]
(P¼0.012). Others, i.e. I431V, K540E, A581G and A613S muta-
tions in the SP2 group, had low prevalences and were not signifi-
cantly distributed between the two groups. Ta
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Prevalence of combined pfdhfr and pfdhps alleles
There was broad polymorphism of pfdhfr/pfdhps genes, i.e. in the
100 samples there were 16 different allele combinations (Table 2).
Considering only the pfdhfr gene, the triple N51I, C59R, S108N
(CirnI) mutant was the most prevalent combination, with 94.1%
(48/51) and 98% (48/49) in the SP2 and SP+ groups, respectively.
The pfdhps alleles were more heterogeneous, but the two IaAKAA
and ISgKAA combinations represented 60% (60/100) of the
alleles in both groups. Regarding the pfdhfr and pfdhps genes,
the quadruple mutant N51I, C59R, S108N/A437G (CirnI/ISgKAA)
allele was the most common mutant. The only statistically sig-
nificant difference observed between the two groups concerned
the mutated N51I, C59R, S108N/S436A (CirnI/IaAKAA) allele,
which was significantly less frequent in the SP+ group compared
with the SP2 group (P¼0.031).
The pfdhfr/pfdhps quintuple N51I, C59R, S108N/A437G, K540E
(CirnI/ISgeAA) mutant, associated with a high level of resistance
to sulfadoxine/pyrimethamine, was only observed in the SP+
samples. No genotype classified as super-resistant, associating
the quintuple mutant with the pfdhfr I164L, pfdhps A581G or
pfdhps A613S/T mutated codon, was identified.
Discussion
This study of pfdhfr/pfdhps resistance alleles circulating in
Yaounde´ (Cameroon) at 6 years after IPTp-SP adoption for
pregnant women showed that the pfdhfr CirnI mutant allele
was the most prevalent. Its prevalence rose strongly between
1993 and 2006 in sub-Saharan Africa,22 and it was already high
(100%) in Yaounde´ in 2005.23
The pfdhfr I164L SNP is still absent in Cameroon, as previously
reported.18,19,23 This mutation is mainly found in East Africa,
Madagascar and Comoros,12 but was also reported in the Central
African Republic.24
The pfdhps A437G SNP is very common across Africa and its
prevalence in Cameroon was 69% in 2005.23 This mutation is
involved in resistance to sulfadoxine in endemic areas and
A437G selection by sulfadoxine/pyrimethamine has been previ-
ously described during intermittent preventive treatment in
infants.25,26 The current study showed an increase in A437G preva-
lence and the mutation was significantly more frequent in women
who had received sulfadoxine/pyrimethamine treatment.
The pfdhps S436A SNP occurred at the same frequency within
the SP+ and SP2 groups, which suggests that the mutation is not
selected by sulfadoxine/pyrimethamine. Moreover, the S436A
mutation may maintain a high level of susceptibility to sulfadoxine/
pyrimethamine as the pfdhps IaAKAA combination (only mutated
on S436A) was much less frequent in the SP+ group.
The pfdhps K540E SNP is always included in the quintuple
mutant, which combines the pfdhps A437G SNP and the pfdhfr tri-
ple CirnI mutant. This mutation is common in East Africa, where
its prevalence increased after 2004, reaching 100%.12 By contrast,
the pfdhps K540E has a low prevalence in West and Central Africa.
The mutation prevalence reported in the countries neighbouring
Cameroon was 6.25% in Gabon in 2007,27 0.8% in Congo in
2004,27 5.2% in the Central African Republic in 2004,24 11% in
Sao Tome and the Principe islands in 200428 and 24% in Nigeria
in 2004.29 In Cameroon, the pfdhps K540E mutation was previ-
ously found between 2004 and 2006 at a low prevalence (0.3%)
in samples collected in Mutengene.30 In the present study, we
observed only two mutant isolates (2%), in the SP+ group,
which confirms the circulation of this SNP in the country, but still
with a low prevalence.
The pfdhps A581G and A613S/T mutations have been detected
at a low prevalence in West and East Africa, but a rapid emergence
of these SNPs has been described in some areas of Kenya and
Uganda.31,32 Apart from Nigeria and Cameroon, these mutations
have not been found in Central Africa.33 In Yaounde´, the preva-
lence of pfdhps A581G and A613S mutations was low (,3%)
between 1999 and 2005.18,19,34 Subsequently, our work shows
an increase in the prevalence of the two pfdhps A581G and
A613S mutations, reaching 5.9% (3/51) and 11.8% (6/51),
respectively, with a similar proportion in the SP+ group (Table 1).
It is worth noting that six isolates (6%) in this study had both the
A613S and A581G mutations. There are several arguments for
considering this allele as super resistant: (i) Triglia et al.17 have
shown, in vitro, that the pfdhps SgKgA or fgKAs allele had a 5.3-
or a 24-fold higher IC50 for sulfadoxine than the WT pfdhps
SAKAA allele, respectively; and (ii) in the field, close alleles (pfdhps
agKgt) with a threonine instead of a serine at codon 613, only
described in India (West Bengal), have all shown very high levels
of in vitro resistance to sulfadoxine, with an IC50 .3000 nM for
seven of the eight isolates.35
In our study, the pfdhps I431V mutation was detected in both
groups. The pfdhps I431V SNP has only been described so far by
Sutherland et al.33 in Nigeria between 2006 and 2007, in multiple
Table 2. Prevalence of combined pfdhfr (codons 50, 51, 59, 108, 164) and
pfdhps (codons 431, 436, 437, 540, 581, 613) alleles in both SP2 and SP+
groups
Allele Group
Ppfdhfr pfdhps
number of
mutations SP2, n (%) SP+, n (%)
CNCSI IaAKAA 1 1 (2%) 0 (0%) 1.000b
CNrnI ISgKAA 3 1 (2%) 0 (0%) 1.000b
CNrnI IaAKAA 3 1 (2%) 0 (0%) 1.000b
CiCnI ISgKAA 3 0 (0%) 1 (2%) 0.490b
CirnI IaAKAA 4 8 (15.7%) 1 (2%) 0.031b
CirnI ISgKAA 4 24 (47.1%) 23 (46.9%) 0.851a
CirnI vaAKAA 5 1 (2%) 0 (0%) 1.000b
CirnI IagKAA 5 7 (13.7%) 11 (22.4%) 0.382a
CirnI ISgeAA 5 0 (0%) 2 (4.1%) 0.238b
CirnI ISgKAs 5 1 (2%) 0 (0%) 1.000b
CirnI vagKAA 6 2 (3.9%) 6 (12.2%) 0.156b
CirnI IagKAs 6 1 (2%) 2 (4.1%) 0.614b
CirnI IaAKgs 6 1 (2%) 0 (0%) 1.000b
CirnI ISgKgs 6 1 (2%) 1 (2%) 1.000b
CirnI vagKAs 7 1 (2%) 0 (0%) 1.000b
CirnI vagKgs 8 1 (2%) 2 (4.1%) 0.614b
Total 51 49
WT alleles are in upper case and mutated alleles are in lower case.
Significant P values are in bold.
aCalculated by the x2 test.
bCalculated by Fisher’s exact test.
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association. Here, this SNP was associated with the double pfdhps
S436A/A437G mutation in 12 of the 13 isolates and with muta-
tions at positions 581 and 613 in 3 of the 13 isolates. In these
three isolates, these SNPs formed an octuple N51I, C59R,
S108N/I431V, S436A, A437G, A581G, A613S (CirnI/vagKgs)
mutant, which was never found together with the pfdhps K540E
substitution. Nonetheless, the presence of octuple mutants rein-
forces the idea of the presence of genotypes with a high level of
resistance to sulfadoxine/pyrimethamine in Central Africa for
which the efficacy of IPTp-SP may be limited.
Finally, the present study provides an update on the prevalence
of mutations conferring sulfadoxine/pyrimethamine resistance in
Cameroon. Despite the small sample size and single-centre study,
our findings indicate changes in SNP prevalence over time and the
emergence of new mutants in Cameroon calls for continued
efforts to prevent the spread of highly resistant parasites. In par-
ticular, the presence of the pfdhps K540E mutation, found so far in
isolates that originated from eastern Africa,22 raises questions
about the significance of its associated high level of resistance
to sulfadoxine/pyrimethamine.27,36 Our results also suggest that
P. falciparum with a genetic background in West, Central or
Southwest Africa, corresponding to the agK (S436A, A437G, K540)
allele,27 could acquire a high level of resistance to sulfadoxine/
pyrimethamine. The exact role of the new octuple pfdhfr/pfdhps
N51I, C59R, S108N/I431V, S436A, A437G, A581G, A613S (CirnI/
vagKgs) mutant allele in the resistance to sulfadoxine/
pyrimethamine needs to be specified. Further work is required
to evaluate the in vitro and in vivo susceptibility of this parasite
genotype to a variety of antifolate drugs.
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3. Discussion / Conclusion 
Cette étude de la prévalence des allèles de pfdhfr/pfdhps circulant au Cameroun, 6 ans après 
l’adoption du TPI-SP chez la femme enceinte a confirmé la forte prévalence de l’haplotype 
mutant pfdhfr CirnI et l’absence du SNP pfdhfr I164L. De plus, nous avons observé une 
augmentation de la prévalence du codon A437G, cette mutation étant significativement plus 
élevée dans le groupe des femmes ayant reçu le TPI-SP. A l’inverse la mutation S436A semblait 
maintenir un fort niveau de sensibilité puisque l’haplotype IaAKAA (seulement muté pour le 
codon S436A) était moins fréquemment observé dans le groupe TPI-SP. Le SNP pfdhps K540E 
restait représenté à faible prévalence, confirmant la circulation de cet allèle au Cameroun mais 
jamais associé aux mutations pfdhps A581G ou A613S/T, ou pfdhfr I164L. Dans notre étude, 
nous avons identifié une mutation sur le codon I431V, seulement décrite au Nigéria (Sutherland 
et al., 2009). Cette mutation était associée, pour tous les isolats porteurs, à trois autres SNPs sur 
le gène pfdhfr (N51I, C59R, S108N) et quatre SNPs sur le gène pfdhps (S436A, A437G, 
A581G, A613S) formant ainsi un octuple mutant. Depuis, une étude rétrospective a montré que 
la prévalence de cette mutation au Nigéria était en augmentation, passant de 0 à 36% entre 2003 
et 2015 (Oguike et al., 2016). Malgré l’absence de données phénotypiques, la comparaison avec 
des génotypes proches retrouvés en Inde nous permet de penser que cet octuple mutant pourrait 
conférer au parasite, un haut niveau de résistance à la SP.  
Aujourd’hui, des données épidémiologiques mais également phénotypiques sont 
indispensables, l’OMS recommandant maintenant le TPI chez la femme enceinte et également 
chez les enfants, en Afrique, en zone de transmission saisonnière. Nous avons initié un projet 
collaboratif pour cartographier le polymorphisme des allèles pfdhfr et pfdhps dans  la plupart 
des pays d’Afrique Centrale pour lesquels les données sont peu importantes, afin de mieux 
comprendre la dynamique d’émergence et de diffusion des différents génotypes. De plus, nous 
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évaluerons, in vitro, le niveau de résistance à la SP, d’octuples mutants précédemment 
identifiés, à partir d’isolats collectés sur le terrain ou de parasites génétiquement modifiés grâce 
au système CRISPR/Cas9.  
 
III. INFLUENCE D’UNE PRESSION PROLONGEE A L’ARTEMISININE SUR 
LA SENSIBILITE DE P. FALCIPARUM 
A. Introduction 
La diminution de la clairance parasitaire associée à la résistance aux dérivés d’artémisinine, 
molécules de demi-vie très courte, expose un plus grand nombre de parasites à une 
monothérapie par les antipaludiques partenaires sans que l’on connaisse les conséquences de 
cette pression continue et prolongée.  Le mécanisme suspecté de résistance au stress oxydant 
induit par l’ART peut laisser penser que ce mode de résistance n’est pas spécifique de cette 
molécule et qu’il pourrait s’étendre à d’autres si la pression de sélection à l’ART perdurait. Pour 
tenter de répondre à cette question et anticiper les éventuels changements phénotypiques 
parasitaires, nous avons mis à profit un modèle in vitro de parasites résistants à l’artémisinine 
en notre possession. En effet, des pressions multiples à l'artémisinine avec des doses croissantes 
et séquentielles effectuées sur la lignée clonale africaine F32-Tanzanie avaient permis de 
sélectionner la lignée F32-ART. Cette souche a acquis la capacité de résister à de fortes 
concentrations d’ART (7000 fois la CI50 de la souche parentale).  
Afin d’anticiper les éventuelles conséquences d’une utilisation prolongée des dérivés d’ART 
sur des parasites déjà résistants à l’ART, F32-ART a été soumise à de nouvelles pressions à 
l’ART et le phénotype de ces nouveaux parasites a été étudié en réponse à différents 
endopéroxydes mais également à d’autres classe d’antipaludiques comme les quinoléines. Du 
fait de la capacité de quiescence de la souche F32-ART, cette évaluation a été réalisée à la fois 
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par les techniques de prolifération classiques et par l’analyse de la survie après exposition 
médicamenteuse. 
 
B. Article 
 
Induction of Multidrug Tolerance in Plasmodium falciparum by Extended 
Artemisinin Pressure. 
Ménard S, Ben Haddou T, Ramadani AP, Ariey F, Iriart X, Beghain J, Bouchier C, Witkowski 
B, Berry A, Mercereau-Puijalon O, Benoit-Vical F. 
Emerg Infect Dis. 2015 Oct;21(10):1733-41. doi: 10.3201/eid2110.150682. 
Plasmodium falciparum resistance to artemisinin deriva-
tives in Southeast Asia threatens global malaria control 
strategies. Whether delayed parasite clearance, which ex-
poses larger parasite numbers to artemisinins for longer 
times, selects higher-grade resistance remains unexplored. 
We investigated whether long-lasting artemisinin pressure 
selects a novel multidrug-tolerance profile. Although 50% 
inhibitory concentrations for 10 antimalarial drugs tested 
were unchanged, drug-tolerant parasites showed higher re-
crudescence rates for endoperoxides, quinolones, and an 
antifolate, including partner drugs of recommended combi-
nation therapies, but remained susceptible to atovaquone. 
Moreover, the age range of intraerythrocytic stages able 
to resist artemisinin was extended to older ring forms and 
trophozoites. Multidrug tolerance results from drug-induced 
quiescence, which enables parasites to survive exposure 
to unrelated antimalarial drugs that inhibit a variety of met-
abolic pathways. This novel resistance pattern should be 
urgently monitored in the field because this pattern is not 
detected by current assays and represents a major threat to 
antimalarial drug policy.
During the past decade, increased commitment and in-vestments in malaria control have markedly reduced 
malaria-related illness and death in many malaria-endemic 
areas (1). This progress is threatened by emergence of re-
sistance of Plasmodium falciparum to artemisinin deriva-
tives used in combination with another drug as first-line 
therapy for uncomplicated malaria. P. falciparum resis-
tance to these derivatives is widespread across Southeast 
Asia (1–6) and has been reported in other parts of the world 
(7,8). Artemisinin resistance decreases parasite clearance 
rates and exposes larger numbers of parasites to antima-
larial drugs in vivo, but whether it drives selection of high-
er-grade artemisinin resistance or resistance to the partner 
drug is unknown. To address this critical question and an-
ticipate potential changes upon prolonged pressure, models 
are needed. We used the unique in vitro evolution model of 
F32-ART parasites selected from the African F32-Tanzania 
clonal line by using multiple dose-escalating artemisinin 
pressure to study the effect of extended artemisinin pres-
sure on susceptibility to other antimalarial drugs.
We previously reported that artemisinin resistance re-
sults from the capacity of young intraerythrocytic F32-ART 
parasites (ring-stage parasites) to arrest their cell cycle and 
enter a quiescence state (9,10). This finding was also ob-
served with artemisinin-resistant parasites from Cambodia 
(11,12). Acquisition of a point mutation in the propeller 
region of the K13 protein after ≈30 drug pressure cycles 
was on the critical path to artemisinin resistance in the F32-
ART lineage (10). Genome editing studies confirmed the 
central role of the K13 locus in artemisinin resistance of 
the F32 parasites, as well as clinical isolates from Cam-
bodia and diverse laboratory lines (10,13). A mutant K13 
propeller domain has now been associated with artemisinin 
resistance in Cambodia and in the Greater Mekong Region 
(3–6,14,15). Thus, the F32-ART experimental evolution 
model proved to be highly relevant in understanding P. fal-
ciparum artemisinin resistance in the field.
Here, we report the susceptibility profile of F32-ART5 
parasites selected after 5 years of escalating artemisinin 
pressure and assess their susceptibility to this drug and other 
endoperoxides, as well as unrelated molecules from differ-
ent chemical classes that inhibit distinct parasite metabolic 
pathways. We monitored survival and recrudescence after 
drug exposure, in addition to common monitoring of pro-
liferation. We show that prolonged pressure with only ar-
temisinin results in parasites with a novel pluriresistance 
phenotype that is highly reminiscent of multidrug tolerance 
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of persister bacteria. Dormancy or stress-induced quiescence 
is a hallmark of bacterial persistence against a variety of an-
timicrobial drugs (16), and periodic exposure to high doses 
of bactericidal drugs selects increased levels of persister 
bacteria (17,18). An analogous multidrug tolerance/resis-
tance is induced in malaria parasites by extended exposure 
to high doses of artemisinin, which provides parasites with 
the capacity to survive lethal doses of diverse classes of an-
timalarial drugs, including molecules used as drug partners 
in currently recommended first-line combination therapies.
Materials and Methods
Chemicals and Drugs
Chloroquine diphosphate, mefloquine, quinine, and py-
rimethamine were obtained from Sigma-Aldrich (Saint-
Quentin-Fallavier, France). Artemisinin was obtained from 
TCI Europe N.V. (Eschborn, Germany) and atovaquone 
from GlaxoSmithKline (Brentford, UK). Artesunate was 
obtained from Sanofi (Paris, France) and artemether from 
Rhone Poulenc Rorer (Paris, France). Dihydroartemisinin 
and monodesetylamodiaquine (amodiaquine/AQ) were ob-
tained from WWARN (http://www.wwarn.org/). Artemi-
sone was synthesized according to published protocols (19).
Parasites and Parasite Culture
For selection of artemisinin-resistant P. falciparum para-
sites, asynchronous cultures of the F32-Tanzania clone 
were adjusted to a parasitemia of 5%–7% and grown in 
the presence of increasing doses of artemisinin (range 10 
nmol/L–9 µmol/L) for 24 h for the first 3 years of drug pres-
sure, which resulted in F32-ART3 (9). In the next 2 years, 
each drug-pressure cycle lasted 48 h (drug dose range 9 
µmol/L–18µmol/L), which resulted in F32-ART5 (10) 
(online Technical Appendix Figure 1, http://wwwnc.cdc.
gov/EID/article/21/10/15-0682-Techapp1.pdf). To ensure 
maintenance of the phenotypic characteristics, parasites 
were cultivated under regular drug pressure. F32-ART5 
parasites studied were collected during the period extend-
ing from the 120th to the 123rd artemisinin pressure cycle. 
Phenotypic and genomic analysis showed no differences in 
parasites from these 4 (120–123) drug pressure cycles. F32-
ART5 and its sibling drug-sensitive F32-TEM, cultured 
without artemisinin, were cultivated in parallel by using the 
method of Trager and Jensen with modifications (9,20).
Standard Isotopic Drug Susceptibility Assay
The standard isotopic 48-h 3H-hypoxanthine-based test 
(21) was used, with minor modifications, to assess the sen-
sitivity of F32-ART5 and F32-TEM lines to 10 antimalarial 
drugs (9,20). The 50% inhibitory concentrations (IC
50
s) 
were determined after 48 h of incubation by using ICEs-
timator software (http://www.antimalarial-icestimator.net).
Drug Recrudescence Assay
Synchronized F32-TEM and F32-ART5 ring stages were 
exposed to drug for 48 h, washed, and placed in drug-free 
medium. A preliminary drug screening (range 2-fold to 
>4,000-fold the IC
50
) enabled determination of the most 
appropriate antimalarial drug dose to discriminate the phe-
notype response of both lines in the recrudescence assay. 
Parasitemia was monitored daily to determine the time to 
recrudesce to the initial parasitemia (9). To evaluate arte-
misinin resistance of older parasite stages, 24-hour-old tro-
phozoites were exposed for 48 h to 3.5 µmol/L artemisinin, 
and recrudescence was monitored.
Ring-Stage Survival Assay
For the ring-stage survival assay (RSA), ring-stage para-
sites (0–3 h postinvasion [RSA0–3 h] or 13–16 h postinvasion 
[RSA13–16 h]) from highly synchronous cultures were ex-
posed to 700 nmol/L dihydroartemisinin or 0.1% dimethyl 
sulfoxide (DMSO) for 6 h, washed, and cultivated for 66 h 
in standard culture conditions as described (10–12). Sur-
vival rates were calculated after microscopic examination 
of Giemsa-stained blood smears as the proportion of viable 
second-generation parasites in wells containing drug com-
pared with that in wells containing DMSO (11,12). Blinded 
slides were read by >2 expert microscopists. RSA0–3 h was 
also performed with 0–3-h postinvasion ring-stage para-
sites exposed for 6 h to atovaquone (3 µmol/L) or amodia-
quine (0.3 µmol/L).
Ring-Stage Growth Arrest Assay
The ring-stage growth arrest assay (11) was used with 
modifications. In brief, synchronized ring-stage cultures 
(3%–5% parasitemia, 2.5% hematocrit) were treated 
with 5% sorbitol to lyse mature stages immediately af-
ter a 24-h exposure to 11 µmol/L artemisinin or 0.1% 
DMSO. Cultures were then resuspended in drug-free 
culture medium, and parasite counts were monitored 
microscopically daily until day 28 for sorbitol-treated 
or non–sorbitol-treated cultures exposed to artemisinins. 
Time to recrudescence was the time to recrudesce to the 
initial parasitemia. For the control (DMSO) culture, re-
sults were expressed as percentage parasite density 24 h 
after treatment with sorbitol compared with that for cul-
tures not treated with sorbitol. Results were determined 
in 5 independent experiments.
Whole-Genome Sequencing
Whole-genome sequencing of F32-ART5 collected after 
123 pressure cycles was performed by using paired-reads 
sequencing technology (Illumina, Inc., San Diego, CA, 
USA). Sequences were compared with those of F32-ART5 
collected after 120 pressure cycles (10), F32-TEM, and ref-
erence strain 3D7, as reported (10).
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Statistical Analysis
Statistical tests were performed by using SigmaStat version 
2.03 (Heame Scientific Software, Chicago, IL, USA). Re-
crudescence curves (online Technical Appendix Figure 2) 
were analyzed by using the Mantel-Cox test and GraphPad 
Prism software (GraphPad Inc., San Diego, CA, USA) (5). 
Differences in comparisons were considered significant if 
p values were <0.05.
Results
Effect of Long-term Artemisinin Pressure on  
IC50s for Antimalarial Drugs
F32-ART5 and F32-TEM (cultivated for the same dura-
tion in the absence of drug pressure) parasites had simi-
lar, low IC
50
s for 4 artemisinin derivatives in the standard 
isotopic drug susceptibility assay. The same result was 
observed for quinolines, an antifolate, or atovaquone (Ta-
ble 1). Moreover, both lines had similar IC
90
s and IC99s for 
all antimalarial drugs tested. Thus, the standard chemosen-
sitivity assay shows absence of proliferation of F32-ART5 
and F32-TEM parasites in presence of all 10 antimalarial 
drugs tested.
Survival of F32-ART5 against High-Dose  
Artemisinin after Drug–Induced Quiescence
In the RSA0–3h, in which young ring stages were exposed 
to 700 nmol/L dihydroartemisinin for 6 h, the survival rate 
of F32-ART5 parasites was similar to that for F32-ART3, 
and much higher than survival rates for F32-TEM and 
F32-ART parasites before acquisition of the K13 M476I 
mutation (10) (Table 2; online Technical Appendix Figure 
1). Moreover, survival rates of F32-ART5 parasites after 
122 and 123 drug pressure cycles were similar.
In the recrudescence assay, in which parasites were ex-
posed to 11 µmol/L artemisinin or 18 µmol/L artemisinin 
for 48 h, F32-ART5 recrudesced 11 days earlier than F32-
TEM (Figure 1, panel A; Figure 2, panel A; Table 3). This 
finding is consistent with the previously reported recrudes-
cence profile of F32-ART3 parasites (9).
To demonstrate that parasite survival against expo-
sure to artemisinin resulted from quiescence involving a 
proliferation blockade (11), sorbitol treatment was per-
formed immediately after a 24-h exposure of synchro-
nized ring-stage cultures to 11 µmol/L artemisinin in the 
ring-stage growth arrest assay (11). Sorbitol selectively 
lyses erythrocytes infected with trophozoites and mature 
parasites, but not young stages. Thus, quiescent forms 
that do not or minimally develop during the 24-h drug ex-
posure are resistant to sorbitol treatment (9,11). The ring-
stage growth arrest assay showed that F32-ART5 para-
sites exposed to artemisinin recrudesced at the same time 
whether treated with sorbitol (7.5 d, range 6.5–9 d) or not 
treated with sorbitol (7.5 d, range 6.5–9.5 d). In contrast, 
sorbitol induced a severe survival loss in the control cul-
ture exposed to DMSO, in which parasite maturation had 
proceeded unimpaired, such that the mean survival of 
sorbitol-treated parasites was only 16% (range 6%–33%) 
of the survival observed in DMSO-control cultures not 
treated with sorbitol.
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Table 1. Susceptibility of Plasmodium falciparum F32-ART5 and F32-TEM lineages to 10 antimalarial drugs* 
Drug 
F32-TEM  F32-ART5 
p value† IC50 IC90 IC99 IC50 IC90 IC99 
Artemisinin 14.2 
(13–19.5) 
20.9 
(16.3–26.4) 
29.2 
(20.7–39.2) 
 17.7 
(14.2–21.9) 
31.2 
(23–37.2) 
50.7 
(37.2–63.3) 
0.686 
Artesunate 3.9 
(2.7–5.1) 
6.4 
(4.7–7.9) 
11.1 
(9.4–13.4) 
 3.8 
(3.2–5.6) 
6.1 
(4.7–7.4) 
11.1 
(7.7–13.4) 
0.886 
Artemisone 0.6 
(0.3–0.9) 
0.7 
(0.5–0.9) 
0.9 
(0.6–1.1) 
 0.5 
(0.3–0.6) 
1.2 
(1.1–1.3) 
3.5 
(3.3–3.8) 
1.000 
Artemether 7.2 
(7–7.5) 
9 
(8.9–9.2) 
11.5 
(11.2–11.7) 
 7.2 
(6.8–7.5) 
8.9 
(8.7–9.2) 
11.4 
(11.1–11.7) 
1.000 
Chloroquine 32.9 
(23.64–45.6) 
55.9 
(42.9–58.7) 
66.2 
(52.1–72.1) 
 28.2 
(24.9–33.5) 
46.2 
(44.7–52.4) 
83.4 
(76.8–100.5) 
0.886 
Quinine 105.8 
(77.8–136.1) 
302.7 
(219.9–420.7) 
938 
(718.5–1,482.5) 
 118.8 
(84.2–156.5) 
341.6 
(259.7–421.5) 
1,026 
(742.2–1,439) 
0.486 
Amodiaquine 25.1 
(17.1–33.1) 
53.1 
(51.7–54.4) 
113.4 
(88.7–138) 
 29.6 
(28.4–30.9) 
51.8 
(47.5–56.2) 
78.05 
(66.5–89.7) 
1.000 
Mefloquine 68.2 
(54.7–88.2) 
142.3 
(130.9–159.6) 
312.9 
(224–437) 
 63.1 
(59.4–73.1) 
114.1 
(101–153.7) 
220.9 
(161.6–448.5) 
0.886 
Pyrimethamine 105.0 
(90–120.1) 
184.6 
(167.1–202.1) 
385.9 
(288–483.8) 
 74.7 
(73.3–76.1) 
270.5 
(268.7–272.3) 
1,102.6 
(1,076–1,129) 
0.333 
Atovaquone 2.8 
(2–2.9) 
12.7 
(10.8–15.8) 
95.8 
(87.2–104) 
 1.5 
(0.4–3) 
7.5 
(2.6–12.9) 
52.1 
(31–64.6) 
0.486 
*IC50, 50% inhibitory concentration; IC90, 90% inhibitory concentration; IC99, 99% inhibitory concentration. Values were obtained by using the standard 
isotopic susceptibility assay. Drug concentrations are in nanomoles/liter. Values are medians (25%–75% interquartile ranges). All assays were performed 
in triplicate. 
†Data distribution was non-Gaussian. The p values were calculated by using nonparametric Mann-Whitney rank-sum test results for IC50s. Similar tests 
were performed to obtain IC90s and IC99s, and no differences were observed between F32-ART5 and F32-TEM for any drug tested. 
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Resistance of Young Ring-Forms and Older Stages  
of F32-ART Parasites to Artemisinin
We investigated by using RSA the stage-dependent surviv-
al capacity of young rings (0–3 h postinvasion) and older 
rings (13–16 h postinvasion) of the F32-ART lineage at dif-
ferent steps of the selection process (Table 2). We found a 
parallel increase in survival rates for both stages, although 
lower rates were observed for older stages. The marked 
shift of increased survival of young ring-stage parasites 
previously reported as occurring at approximately pres-
sure cycle 48 coincided with increased survival of older 
ring-stage parasites, and both rates remained essentially 
unchanged subsequently.
Drug recrudescence assays showed that F32-ART5 
trophozoites recovered more efficiently after a 48 h ex-
posure to artemisinin than F32-TEM trophozoites (11 and 
17.5 days, respectively) (Table 2). These data outlined an 
unsuspected extended age range of stages surviving treat-
ment with artemisinin.
Selection of Multidrug Tolerance by Long-term  
Artemisinin Pressure
We reported previously that F32-ART3 showed cross-
resistance to artesunate and remained susceptible to chlo-
roquine (i.e., displayed parental-type recrudescence rates 
after a 48-h exposure to chloroquine in the recrudescence 
assay) (9). Recrudescence assays were performed with 
F32-ART5 for 4 endoperoxides and a panel of unrelated 
antimalarial drugs. F32-ART5 showed increased surviv-
al rates to high doses of artesunate, artemisone, or arte-
mether, and recrudescence occurred 7.5–14.3 days earlier 
than for F32-TEM depending on the endoperoxide and 
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Figure 1. In vitro drug survival assays for Plasmodium falciparum. Representative curves for kinetic recrudescence of synchronous ring-
stage parasites from F32-ART5 lineage (dashed lines) and F32-TEM lineage (solid lines) parasite cultures after a 48-h exposure to A) 
11 μmol/L artemisinin; B) 62 nmol/L amodiaquine; C) 241 nmol/L mefloquine; D) 4 μmol/L pyrimethamine; and E) 7 μmol/L atovaquone. 
Differences in recrudescence between both parasite lines are indicated by doubled-headed arrows. 
 
 
 
Table 2. RSA values for Plasmodium falciparum F32-TEM and F32-ART lineages and recrudescence times for trophozoite parasite 
stages after a 48-h exposure to artemisinin* 
Artemisinin 
pressure cycle Dose, µmol/L 
RSA0–3 h 
 
RSA13–16 h 
 
Recrudescence time for 
trophozoite stage, d 
Median survival rate† 
(IQR) 
No. 
assays‡ Survival rate† 
No. 
assays‡ Median (IQR) 
No. 
assays‡ 
0 (F32-TEM) 0 0 (0–0.03)§ 5  0 1  17.5 (17–18) 2 
12 0.02 0 (0–0) 2  0 1  ND NA 
17 0.04 0 (0–0.07)¶ 3  0 1  ND NA 
48 2.7 11.7 (10.3–14.6)¶ 3  2.5 1  ND NA 
115 8.9 6.8 (5.9–15.9) 3  2.1 1  ND NA 
122 9 12.8 (10.6–14.5)¶ 3  3.8 1  ND NA 
123 10 9.5 (8.1–11.8)§ 4  2.9 1  11 (10.3–12.5) 3 
*RSA, ring-stage survival assay; IQR, interquartile range; ND, not determined; NA, not applicable. 
†Survival rates are expressed as percentage of parasites remaining alive after drug treatment compared with mock-treated culture. 
‡Assays that fulfilled criteria for successful culture. 
§Significant survival rate difference (by Mann Whitney rank sum test, p<0.05) between F32-ART5 and its sibling line F32-TEM. 
¶Data were obtained from Ariey et al. (10). 
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concentration (Table 3; online Technical Appendix Fig-
ure 2). The >7 days earlier recrudescence for  F32-ART5 
exposed to artemether compared with that for F32-TEM 
was not significant because of small numbers of paired-
sample experiments.
Shorter recrudescence time for F32-ART5 were con-
sistently observed after a 48-h pulse of amodiaquine, me-
floquine (Table 3, Figure 1,2, panels B, C, respectively) 
and chloroquine (Table 3; online Technical Appendix 
Figure 2). For quinine, we found a trend for increased 
survival of F32-ART5 compared with that for F32-TEM. 
Improved survival of F32-ART5 after exposure to quinine 
was further suggested by 5/5 F32-ART5 cultures having 
recrudesced compared with 3/5 F32-TEM cultures (online 
Technical Appendix Figure 2). A shorter recrudescence 
time for F32-ART5 compared with that for F32-TEM 
was also observed after a 48-h pulse with pyrimethamine 
(Table 3; Figure 1, panel D; Figure 2, panel D). Therefore, 
in vitro drug pressure only with artemisinin selects for en-
hanced survival rates to endoperoxides, quinolines, and 
an antifolate.
Activity of atovaquone against F32-ART5 parasites 
was preserved. After a 48-h atovaquone pulse, recrudes-
cence rates for F32-TEM and F32-ART5 were not differ-
ent (Figure 1, panel E; Figure 2, panel E; Table 3; online 
Technical Appendix Figure 2). Likewise, RSA performed 
with atovaquone showed no difference between F32-ART5 
and F32-TEM (online Technical Appendix). The same 
result was observed for RSA performed with amodiaquine 
(online Technical Appendix).
Association of Drug Resistance Genes  
with Multidrug Tolerance
Because phenotypes described were obtained for F32-
ART5 parasites collected during the period corresponding 
to 120–123 pressures cycles, whole-genome sequencing 
was conducted, and we compared the sequence of F32-
ART5
123
 with that of F32-ART5
120
 (10). There was no 
evidence of genotype modification during the 120th–123rd 
artemisinin pressure cycles (online Technical Appendix 
Figure 1), which is consistent with highly reproducible 
phenotypes of various F32-ART5 cultures collected during 
that period. F32-ART5 did not differ from F32-TEM with 
regard to resistance gene markers, some of which were 
wild-type (chloroquine resistance transporter, dihydro-
folate reductase, and cytochrome B) and others harbored 
mutations (multidrug resistance 1, ATPase6,  Na+/H+ ex-
changer 1, dihydropteroate synthase, multidrug resistance 
1 [mdr1] and mdr2) (online Technical Appendix Table). 
There was no evidence for mdr1 gene amplification in F32-
ART5 (and its lineage) and F32-TEM.
Discussion
F32-ART5 parasites have a novel drug resistance pro-
file that is reminiscent of multidrug tolerance profile of 
bacterial persister cells (16,22). Similar to the unchanged 
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Figure 2. Recrudescence curves of synchronous ring-stage parasites of Plasmodium falciparum F32-ART5 (dashed lines) and F32-
TEM (solid lines) after a 48-h exposure to A) 11 µmol/L artemisinin; B) 62 nmol/L amodiaquine; C) 241 nmol/L mefloquine; D) 4 µmol/L 
pyrimethamine; and E) 7 µmol/L atovaquone. Curves show the percentage of parasite recrudescence (i.e., cultures having reached 
day 0 parasite density) vs. time. A log-rank (Mantel-Cox) test was used for statistical analysis, and corresponding p values are reported 
in Table 3. Small black vertical tick marks indicate individual F32-TEM lines whose recrudescence times have been right-censored 
because the parasite line did not recrudesce during the monitoring study.
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inhibitory antimicrobial drug concentrations for bacte-
rial persisters compared with those for their clonal parent 
strains, IC
50
s, IC
90
s, and IC99s of F32-ART5 parasites were 
similar to those of F32-TEM for 10 antimalarial drugs. 
Thus, these malaria parasites would be classified as drug 
susceptible to all 10 drugs in standard proliferation assays. 
However, high survival rates were observed after exposure 
to 4 endoperoxides, as well as increased survival rates to 
lethal doses of pyrimethamine and quinolines (amodia-
quine, mefloquine, chloroquine, and quinine). Thus, the in 
vitro experimental evolution model we used indicates that 
P. falciparum can acquire after sustained artemisinin pres-
sure the capacity to survive exposure to diverse antimalarial 
drugs. This novel resistance profile differs from classical 
multidrug resistance because parasites do not multiply in 
the presence of the drug and do not harbor any mutations 
conferring resistance to pyrimethamine or quinolines. This 
profile is not a fully generalized tolerance phenomenon be-
cause F32-ART5 is still susceptible to atovaquone.
The capacity of parasites to enter quiescence after ex-
posure to artemisinin and readily resume growth after drug 
removal is central to resistance to artemisinin (9,11,12) and 
is similar to persistence of bacteria after exposure to anti-
microbial drugs (17). Quiescence, also known as dormancy 
(for definitions, see online Technical Appendix), reflects 
the cell cycle–arrested status and decreased parasite metab-
olism of parasites exposed to artemisinin (23). Resistance to 
artemisinin is also associated with increased constitutive ex-
pression of unfolded protein response pathways, which are 
believed to mitigate toxicity of artemisinin (24). Quiescence 
of ring-stage F32-ART5 parasites, which did not develop 
during a 24-h exposure to artemisinin, was shown by the 
insensitivity of these parasites to treatment with sorbitol 
and unaltered recrudescence time in the ring-stage growth 
arrest assay. Because recrudescence rates for other endo-
peroxides tested were similar to those observed for arte-
misinin (Table 3), we conclude that F32-ART5 survives the 
toxicity of endoperoxides by similar cellular mechanisms.
During this study, we determined that not only young 
rings but also older parasites developmental stages of the 
F32-ART lineage survived exposure to artemisinin, which 
denoted an extended range of stages able to enter quies-
cence and withstand artemisinin toxicity. Relaxed ability of 
F32-ART5 for cell cycle arrest in response to drug-induced 
cellular stresses might affect increased recrudescence 
rates after exposure to quinolines and pyrimethamine, 
which inhibit metabolically active mature stages and yet 
are highly active in the standard susceptibility assay that 
monitors parasite multiplication. Consistent with this idea, 
mefloquine was shown to induce cell cycle delay (25), in-
cluding that for ring-stage parasites (26). Moreover, the 
reduced metabolic activity of quiescent older forms is pre-
dicted to decrease toxicity of antimalarial drugs that inhibit 
parasite metabolic pathways, such as hemozoin formation 
(inhibited by quinolines) or tetrahydrofolic acid synthesis 
(inhibited by pyrimethamine). In contrast, atovaquone, 
which inhibits parasitic mitochondrial electron transfer and 
consequently reduces mitochondrial electron membrane 
potential, remained fully active for F32-ART5 parasites. 
This finding is consistent with results that showed that 
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Table 3. Recrudescence parameters of Plasmodium falciparum F32-ART5 and F32-TEM lineages exposed to 10 antimalarial drugs* 
Drug Drug dose 
No. 
experiments† 
Median (range) recrudescence time, d‡ Mean ± SEM difference of 
recrudescence time, d¶ p value‡ F32-ART5 F32-TEM§ 
Artemisinin 11 µmol/L 7 8 (6–11) 22 (15–>28) 11.5 ± 1.5 <0.001 
18 µmol/L 3 7 (6–9) 19 (17–20) 11.3 ± 1.3 0.024 
Artesunate 1.3 µmol/L 3 8 (7–10) 16 (15–18) 8 ± 1.5 0.024 
2.6 µmol/L 3 8 (7–10) 16 (15–18) 8 ± 1.5 0.024 
Artemisone 1.2 µmol/L 3 8 (7–10) 20 (18–20) 11 ± 1.5 0.024 
2.5 µmol/L 3 8 (7–11) 21 (20–28) 14.3 ± 1.4 0.025 
Artemether 1.7 µmol/L 2 7.5 (7–8) 15 (15–15) 7.5 ± 0.5 0.089 
3.4 µmol/L 2 7.5 (7–8) 16 (16–16) 8.5 ± 0.5 0.089 
Chloroquine 78 nmol/L 4 10 (7–11) 13 (11–20) 4.8 ± 1.5 0.028 
Quinine 43 µmol/L 5 10 (8–14) 13 (10–>20) 2.7 ± 0.9 0.086 
Amodiaquine 62 nmol/L 4 7.5 (7–9) 14.5 (12–16) 6 ± 0.6 0.006 
Mefloquine 241 nmol/L 5 8 (6–12) 11 (10–>20) 3 ± 1.1 0.044 
Pyrimethamine 4 µmol/L 5 5 (5–7) 9 (7–10) 3 ± 0.5 0.008 
Atovaquone 3 µmol/L 5 13 (3–27) 12 (3–21) 1.4 ± 1.3 0.730 
7 µmol/L 4 14.5 (11–18) 13 (11–19) 0.5 ± 0.6 0.848 
*Recrudescence capacity of F32-TEM and F32-ART5, synchronized at ring-form cultures (0–12-h-old parasites), was evaluated after 48 h of drug 
treatment. After cultures were washed, parasitemia was monitored daily to determine the recrudescence time, defined as the time to reach day 0 
parasitemia. 
†Each experiment was performed for F32-ART and F32-TEM cultivated in parallel in the same conditions (adjusted to the same initial parasitemia and 
cultivated with the same lot of erythrocytes and same batch of human serum) to generate paired results. The same number of experiments was 
performed for each parasite lineage and statistically analyzed. 
‡A log-rank (Mantel-Cox) test was used for statistical analysis of recrudescence time in days. 
§If no parasites were observed at the end of the experiment, the culture was classified as showing no recrudescence, and the recrudescence day was 
noted as >d. Parasite counts were monitored microscopically daily until day 28 except when the batch of blood needed to be changed (in this instance,  
the experiment was stopped earlier). 
¶Differences in recrudescence time as Gaussian data. 
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parasites retain their basal mitochondrial metabolism during 
artemisinin-induced quiescence (23,27), and that addition 
of atovaquone to ring-stage parasites does not delay para-
site maturation (26). Unfortunately, atovaquone resistance 
is readily selected in the field, being detected a few months 
after deployment in areas of resistance to artemisinin-based 
combination therapies (ACTs) (2). Nevertheless, our data 
indicate that drug combinations that include atovaquone 
could be a useful option in decreasing resistance to ACTs 
in the field.
Despite its extended age range of stages able to enter 
quiescence, F32-ART3 was fully susceptible to chloro-
quine in recrudescence assays conducted with the same 
protocol (9). This finding indicates that tolerance to chlo-
roquine was acquired at a later stage of selection (after 
the 110th pressure cycle). Whether this tolerance was as-
sociated with multidrug tolerance or whether acquisition 
of multidrug tolerance is a multistep process remains to 
be clarified. To define more precisely the mechanisms, 
the number of steps, and putative loci involved in mul-
tidrug tolerance, an analysis of the cryopreserved inter-
mediate time points of the F32-ART lineage would be 
needed. None of the mutations that occurred after fixation 
of M476I in the K13 locus (online Technical Appendix 
Figure 1) are analogous with mutations associated with 
persistence in bacteria or fungi (16), and some mutations 
affect genes of unknown function.
The nonsense mutation in PF3D7_1115700, which en-
codes falcipain 2a, a cysteine protease involved in hydroly-
sis of hemoglobin (28), is predicted to decrease artemisinin 
sensitivity of trophozoite stages by impairing artemisinin-
induced exacerbation of oxidative stress caused by hemo-
globin degradation products (29). Absence of this enzyme 
should also decrease the amount of hemoglobin degradation 
products essential to activity of quinolines (30) and endoper-
oxides (19,31). The nonsense falcipain 2a mutation, which is 
present in F32-ART3, might contribute to reducing sensitiv-
ity of F32-ART5 to artemisinins and some quinolines (oth-
er than chloroquine), but it is unlikely for pyrimethamine, 
whose activity is not related to hemoglobin metabolism.
Reduced sensitivity for chloroquine or pyrimethamine, 
whose target genes (chloroquine resistance transporter 
gene and dihydrofolate reductase gene, respectively) are 
wild type in the F32-ART lineage (online Technical Ap-
pendix Table 1), might result from mutations in other loci 
affected at late stages of artemisinin pressure or reflect de-
creased toxicity because of reduced metabolic activity of 
quiescent parasites. Detailed analysis of the small number 
of genes mutated in F32-ART5 parasites is needed to gain 
insights about the cellular alterations underlying multidrug 
tolerance. In addition, investigation of the field polymor-
phism of these candidate genes might provide indications 
about possible ongoing selection processes. It is worth 
noting that none of these genes was as reported as having 
signatures of recent selection in Southeast Asia (6) or Af-
rica (10,32). These findings do not preclude that such selec-
tion might eventually occur in K13 mutant parasites, in-
cluding isolates harboring the M476I K13 mutation (5,33).
The F32-ART model was relevant for understanding 
cellular and molecular mechanisms of artemisinin resis-
tance in the field (9,10). The finding that not only young 
ring forms but also older developmental stages survived 
exposure to artemisinin differs from observations with 
artemisinin-resistant field isolates from Cambodia, whose 
increased survival seems restricted to younger stages, al-
though a trend for increased survival of older ring stages 
was observed (12). Whether this finding reflects different 
selection processes in the field in Cambodia and during 
the in vitro model used here is unclear. This finding could 
also reflect intrinsic differences of genetic backgrounds in 
which resistance mutations emerge because F32-ART has 
a genetic background from Africa (10).
Genome editing studies have shown that K13 muta-
tions and parasite genetic background influence RSA0–3 h 
survival rate of young ring stages (13). However, survival 
of older stages has not been studied. Likewise, clearance 
half-life and RSA0–3 h survival rates of isolates from Cam-
bodia depend on the K13 mutation type (10,14). Extended 
monitoring of phenotypes of mutant parasites from South-
east Asia to older developmental stages and characterizing 
survival and recrudescence phenotype of parasites from 
Africa harboring a mutant K13 locus (34) are urgently 
needed to provide information on possible selection pro-
cesses for multidrug tolerance in the field. It is also neces-
sary to further characterize the stage-dependent phenotype 
of rare field isolates harboring the M476I mutation, includ-
ing analysis of possible multidrug tolerance phenotype. 
The recent emergence of resistance to piperaquine, an ACT 
partner drug, in western Cambodia is particularly worri-
some in this context (35). However, none of the assays cur-
rently used to monitor drug susceptibility of field isolates 
is able to detect this novel multidrug tolerance phenotype.
The pleiotropic effect of artemisinin pressure reported 
is a major concern for ACT-based drug policy because 
sustained pressure on artemisinin-resistant parasites may 
drive selection of artemisinin resistance in older parasite 
stages and result in decreased efficacy of the partner drug 
in the field. Apart from the retained efficacy of atovaquone 
that suggests possible alternative combination treatments, 
multidrug tolerance of F32-ART5 to mefloquine, amo-
diaquine, and pyrimethamine in vitro is a serious concern 
because of large-scale use of these drugs as partner drugs 
in ACTs. Specific assays should be urgently implemented 
to monitor this novel phenotype in the field that otherwise 
will remain undetected by current in vitro assays or mo-
lecular markers.
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C. Discussion / Conclusion 
Cette étude a montré que des pressions continues à la seule artémisinine induisaient un nouveau 
profil de pluri-résistance. En effet, bien que les concentrations inhibitrices à 50% ne soient pas 
affectées, classant ainsi les antipaludiques testés par les méthodes standards de prolifération 
comme sensibles, un temps de recrudescence rapide de P. falciparum était observé en réponse 
aux endopéroxydes, mais également aux quinoléines (AQ, MQ et possiblement à la CQ et la 
quinine), et à la pyriméthamine. Seule l’ATQ qui cible la mitochondrie conservait une bonne 
efficacité.  
L’analyse des génomes des souches parentale F32-TEM et résistante F32-ART avait 
précédemment identifié huit mutations dans sept gènes dont le gène pfk13. L’étude du 
polymorphisme de ces sept gènes candidats sur des souches cambodgiennes résistantes et 
sensibles associée aux données phénotypiques par le test RSA avaient permis de confirmer 
l’implication du gène pfk13 dans la résistance à l’artémisinine (Ariey et al., 2014). Les souches 
parentale F32-TEM et résistante F32-ART5, ne présentaient aucune nouvelle différence 
génétique connue qui permettrait d’expliquer le phénomène de multi-tolérance observé. La 
diminution de l’activité des antipaludiques ciblant les voies métaboliques comme la formation 
de l’hémozoïne (quinoléines) ou la synthèse des folates (pyriméthamine) pourrait résulter d’une 
activité métabolique réduite des parasites de la souche F32-ART liée à la quiescence. De même 
les fonctions supposées de la protéine KELCH (protection cellulaire au stress, réparation des 
protéines endommagées par surexpression de la voie UPR ou augmentation de la quantité de 
PI3P indispensable à la croissance parasitaire) et non spécifiques à la résistance à l’ART 
pourrait être responsable de l’adaptation du parasite au stress induit par la présence d’un 
antipaludique quel qu’il soit. Inversement, la conservation d’une sensibilité de ces parasites à 
l’ATQ, molécule inhibant le potentiel de membrane mitochondrial pourrait être la conséquence 
de la persistance d’un métabolisme mitochondrial basal chez les parasites quiescents (Chen et 
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al., 2014; Peatey et al., 2015). Ces données semblaient donc indiquer qu’une combinaison 
thérapeutique associant l’ATQ pouvait être une alternative de traitement face à l’émergence de 
la résistance aux CTA. Cette alternative ne sera cependant pas une bonne option. En effet, afin 
de circonscrire la résistance à l’ART en Asie et indépendamment de nos résultats, l’OMS a 
proposé l’utilisation de la malarone (ATQ + proguanil). Malheureusement des résistances à 
l’ATQ sont apparues très rapidement (quelques mois) (WHO, 2014a). 
Cette étude a également montré que des pressions supplémentaires à la seule artémisinine sur 
des parasites déjà résistants augmentaient le spectre d'âge du stade intra-érythrocytaire capable 
de résister à l'artémisinine, ne limitant plus la résistance au seul stade « ring » très précoce. 
La quiescence induite par l’artémisinine permettrait donc d’augmenter la tolérance de P. 
falciparum à de nombreuses molécules ciblant des voies métaboliques différentes. Ce nouveau 
phénotype de multi-résistance devrait donc faire l’objet de recherches particulières sur le 
terrain, le phénomène observé in vitro pouvant très bien survenir dans les zones de sensibilité 
réduite à l’ART si la pression thérapeutique continuait. L’absence de différence génétique qui 
sous-entend une régulation épigénétique pose un réel problème de surveillance puisque la 
détection de ces parasites nécessitera obligatoirement une évaluation phénotypique plus lourde 
à mettre en œuvre. Indépendamment de ce risque à venir, les récentes observations de 
l’augmentation du taux d’échecs aux traitements par DHA-PIP depuis 2010 au Cambodge 
(Amaratunga et al., 2016; Duru et al., 2015; Leang et al., 2013; Leang et al., 2015; Spring et 
al., 2015) ont encouragé la réalisation d’investigations identifiant un nouveau marqueur de 
résistance à la PIP, l’amplification du gène de la plasmepsine 2 (Amato et al., 2016; Witkowski 
et al., 2016). Comme dans notre étude, ce mécanisme de résistance à la PIP est apparu au 
Cambodge dans un contexte particulier de résistance à l’ART déjà fixée. Il semble donc 
nécessaire d’étendre l’évaluation du nombre de copies de la plasmepsine 2 et du polymorphisme 
de pfk13 à toutes les zones utilisant la PIP en association des dérivés d’ART, mêmes celles où 
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la résistance à l’ART n’a pas encore émergé et de poursuivre les investigations afin d’assurer 
une efficacité à long terme de ces antipaludiques. 
L’absence actuelle de résistance à l’ART en Afrique pourrait résulter d’une pression plus 
récente sur le continent et/ou d’un niveau de prémunition élevé. De plus, le fitness des mutations 
associées à la résistance pourrait être incompatible avec un fond génétique africain. En effet, 
Straimer et al. ont montré que l’introduction d’une même mutation de pfk13 dans des souches 
parasitaires de fond génétique différent conférait des niveaux de résistance in vitro variables 
(Straimer et al., 2015). Deux hypothèses peuvent être envisagées. La résistance à l’ART 
pourrait, soit émerger en Afrique, soit, comme pour la CQ, se propager par la diffusion d’une 
souche asiatique. Les travaux de St Laurent et al. ont en effet, montré que les parasites d’origine 
asiatique avait la capacité de produire des sporozoïtes dans les moustiques présents en Asie du 
Sud-Est mais également chez Anopheles coluzzi, le vecteur africain principal (St Laurent et al., 
2015).  
 
IV. ROLE DU MOUSTIQUE DANS LA TRANSMISSION DE LA RESISTANCE 
A. Introduction 
Le moustique est un acteur important dans l’épidémiologie du paludisme mais son rôle dans la 
transmission ou le maintien des souches plasmodiales résistantes aux antipaludiques est peu 
connu et étudié. L’étude mise en place au Cameroun et décrite ci-après, avait pour but de mieux 
comprendre le rôle potentiel du moustique dans l’épidémiologie des résistances. Pour cela, nous 
avons pu accéder à un insectarium (OCEAC) à Yaoundé et réaliser des gorgements 
expérimentaux de moustiques à partir du sang de donneur (équipe MIVEGEC). La prévalence 
des marqueurs moléculaires de résistance aux antipaludiques dans les gamétocytes isolés des 
échantillons initiaux a alors été comparée à celle obtenue dans les glandes salivaires des 
moustiques.  
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Introduction 
Despite combined efforts such as for implementation of artemisinin-based combination 
therapies (ACTs), insecticide-treated bed nets and rapid diagnostic tests, malaria remains one 
of the most public health problems in the world. The main key obstacle to control malaria is the 
perpetual emergence and spread of antimalarial drug-resistant Plasmodium falciparum 
parasites. Indeed P. falciparum has a great ability for developing resistance to any drug 
regimen, including the most efficient ones such as artemisinins (1, 2). As most microorganisms, 
drug resistance of P. falciparum is associated to specific mutations or gene amplification that 
confer fitness advantage to parasites when exposed to drugs over wild-type parasites. 
Conversely the lesser fitness of the drug-resistant parasites in untreated humans is an important 
element directly involved in the return of sensitive parasites after the withdrawn of the 
antimalarial used, already observed in several areas (3-6). Thus the forces known to drive drug 
resistance dynamic are multiples and their interactions are complex (7). Transmission intensity 
appears to be an indirect but essential factor in the evolution of resistance. It exerts its influence 
through bio-clinical and epidemiological factors such as the multiplicity of infection (MOI), the 
threat of infection, the level of human immunity and ultimately determine the dynamics of 
resistance via: sexual recombination and intra-host dynamics of parasites, the number of 
parasites per host, community drug use and the proportion of malaria infections treated (8). 
The direct role of mosquito in the transmission of resistance has never been precisely evaluated 
while anopheles were already showed to influence the shaping of parasite population structure. 
The intestinal microbiota (9), mosquito immune responses (10) or the number of co-infecting 
clones (11) or species (12) were demonstrated to impact the development and the diversity of 
the Plasmodium population. Up to now there were technological hurdles to study this issue 
without much bias. The difficulties in studying parasite genetic diversity in mosquitoes resided 
first in the ability to isolate gametocytes from the circulating trophozoites. Since 2008, Ribaut 
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et al. raised the technological barrier in developing a method of gametocyte purification (13). 
Second, the development of robust methodologies of experimental infections of Anopheles 
using P. falciparum-infected blood samples (14) give the total assurance to study infection 
parameters from one specific gametocyte donor.  
Thus to better understand the role of mosquitoes in the Plasmodium resistance, we investigated 
the genetic diversity of P. falciparum parasites from both gametocytes isolated from blood of 
asymptomatic donors, and salivary glands from mosquitoes experimentally fed with the blood 
from the same gametocyte donors, through the analysis of pfcrt 76 codon linked to chloroquine 
resistance and microsatellite loci. 
Results 
Characteristics of the infections 
The 64 blood samples selected from naturally P. falciparum gametocyte carriers had a median 
gametocyte density of 51 (min = 11; max = 2304) µL-1. They were used to isolate 64 
gametocytes samples and to perform 64 experimental feedings of the local A. coluzzii strain 
belonging to the A. gambiae species complex. At day 14 pi, the salivary glands of mosquitoes 
from the infectious blood meals were dissected and tested for P. falciparum infection. Among 
the 693 P. falciparum-positive mosquitoes, a mean of 11 (min = 1; max = 24) mosquitoes per 
donor blood was studied. DNA from each salivary gland containing sporozoites and each 
gametocyte sample was extracted and submitted to pfcrt 76 genotyping.  
 
 
Comparison in pfcrt 76 allele profiles in gametocyte and salivary gland samples 
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Before assessing the proportion of mutant and wild-type pfcrt 76 alleles in each sample, we 
validated the real-time PCR method of quantification by producing standards with a known 
proportion of mutant and wild-type pfcrt 76 alleles (see supplementary data S1 and S2). In order 
to study the potential role of the vector in the selection of alleles, all donors carrying only one 
genotype either 100% mutant or 100% wild-type pfcrt 76 alleles in their gametocyte sample 
and all the paired sporozoite samples were excluded from the analysis. Thus 58 gametocyte 
samples and 643 sporozoite samples were analysed. The figure 1 shows the dispersion of the 
proportion of wild-type (panel A) or mutant (panel B) pfcrt 76 alleles in each sporozoite sample 
in function of the paired gametocyte sample. No selection of either mutant or wild-type alleles 
was observed as the median of the proportion of mutant (67.9%, IQR [33.4 – 100.0]) or wild-
type (32.1%, IQR [0.0 – 66.7]) pfcrt 76 alleles in gametocytes was not different to the one in 
paired sporozoite samples (mutant allele: 60.2%, IQR [41.3 – 79.2]; wild-type allele: 39.8%, 
IQR [20.8 – 59.0]) (Wilcoxon signed ranked test; P=0.268). In order to compare the variation 
of the proportion for a given pfcrt allele between each gametocyte donor and the paired 
sporozoite samples, a binary U variable was created taking a 1 value if the proportion of wild-
type pfcrt 76 alleles in the gametocyte sample was inferior to the proportion of wild-type pfcrt 
76 alleles in the paired sporozoite sample, or a 0 value otherwise. The evolution of the 
probability of the U value was analysed using a logistic regression. The fraction of wild-type 
pfcrt 76 alleles in sporozoite samples was expected to be similar to the one in the paired 
gametocyte samples in absence of influence of the vector, so that the U variable should have 
been distributed randomly between the value 1 and 0 (blue line on Figure 2A).  Here the 
observed probability was significantly different (P=5.29e-05) for both the wild-type and the 
mutant pfcrt 76 alleles from the expected 50% probability (red lines on Figures 2A and 2B). 
The more the proportion of wild-type pfcrt 76 allele tended to 0% or 100%, the more the  
probability to have an U=1 (proportion of  pfcrt 76 allele in gametocytes inferior or equal to the 
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one in sporozoites) was different from the expected value (50%). Indeed, the more the 
proportion of wild-type pfcrt 76 allele in gametocytes tended to 0%, the more the probability to 
have a higher proportion of wild-type pfcrt 76 allele in sporozoites increased. Conversely, the 
more the proportion of wild-type pfcrt 76 alleles in gametocytes tended to 100%, the more the 
probability to have a lower proportion of wild-type pfcrt 76 allele in sporozoites increased 
(Figures 2A). A similar observation was made for mutant pfcrt 76 allele (Figure 2B). 
 
Comparison in genetic diversity in gametocyte and salivary gland samples 
DNA from positive salivary glands and from gametocyte samples were successfully genotyped 
at 7 microsatellite loci. All tested microsatellite loci were polymorphic with a number of alleles 
per microsatellite varying from 4 to 16 (mean 11 ± 3.6) for gametocyte and sporozoite samples. 
The patterns of microsatellite polymorphism were compared in gametocyte samples and 
sporozoite bulks for each feeding. The MOI (Wilcoxon signed rank test, P=0.184) and the 
number of mono-infection (Fisher’s exact test, P=0.675) in gametocyte samples were not 
different to the ones in paired sporozoite bulks. The number of different detected alleles for 
each studied microsatellite were not different in gametocyte and sporozoite samples (chi-square 
test, P=0.998) (Table 1). In addition the distribution of the different alleles in gametocyte 
samples was observed not to be different to sporozoite bulks for each microsatellite (Table 2). 
All these data indicated there was no difference in allelic diversity. The allelic composition both 
in gametocyte and sporozoite samples was compared. Unexpectedly, most experimental 
feeding led to changes in allelic composition in sporozoite samples as compared to their paired 
gametocyte samples (Figure 3). Non-detected alleles in sporozoites compared to gametocyte 
samples at one microsatellite locus was at least found for 35 feedings (74.5%) whereas 
additional genotyped alleles occurred for 43 over the total 47 feedings (91.5%). 
119 
 
 
Discussion  
Emergence and spread of resistant P. falciparum to antimalarials results from complex 
interactions between parasites, drug, host, and vector. Studies have reported observations 
suggesting a possible role of mosquito in the spread of resistant P. falciparum parasites. 
Mharakurwa et al. postulated that mosquitoes may play a role in influencing drug-resistant 
allele epidemiology (15). Alleles of P. falciparum gene encoding dihydrofolate reductase 
(DHFR) and Pfcrt were found with very different level between hosts and vectors, hypothesized 
a difference in selective pressures in humans and Anopheles mosquitoes. However these 
interesting studies had some limitations in the methodology make the results difficult to 
interpret.  
The presented study showed very clearly that in the vector, there was no selection of parasites 
according to the nature (mutant or wild-type) of its allele pfcrt. However the data revealed that, 
the more the clones carrying a pfcrt allele were in minority in gametocytes, the more the 
sporogony favoured them. This selection of minority clones was irrespective of the mutant or 
wild-type status allele, suggesting a general phenomenon. Furthermore the microsatellites 
analysis exhibited additional genotyped alleles that were detected in sporozoites compared to 
gametocyte samples at one microsatellite locus for 91.5% of feedings. These newly detected 
alleles were certainly already present in gametocytes but below the detection threshold of the 
technique used. A lower capacity of detection related to a lesser amount of specific DNA in 
gametocytes is unlikely to explain these new detections. Indeed, reciprocally, non-detected 
alleles in sporozoites compared to gametocyte samples at one microsatellite locus were at least 
found in 74.5% of feedings. Moreover a specific selection of some genotypes by the mosquito 
cannot explain these results as no difference in MOI, allelic composition, and allelic diversity 
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was observed between gametocytes and sporozoites. Even if the microsatellite analysis is not 
able to formally demonstrate that minority clones are favoured by vectors because produced 
data are only qualitative (presence or absence of a given allele), these results strongly strengthen 
this hypothesis. In addition, results observed in the two studies of Mharakurwa et al can be 
explained by this phenomenon (15, 16).  
Whereas in the in vivo rodent models, the asexual phase, gave a competitive advantage to the 
majority (virulent) genotypes (17-20), in contrast, our data showed that the sporogonial phase 
favoured the minority alleles. This phenomenon could be promoted by a possible clustering of 
gametocytes in the blood meal. Indeed aggregation of gametocytes has been previously 
hypothesized to facilitate the conjunction of gametes and fertilization (21, 22). This aggregative 
behaviour could be a non-randomly phenomenon but it could favour a becoming closer between 
male and female gametocyte and/or between different genotypes. This attraction between sexes 
has already been observed for Haemosporida, another genera closely related to Plasmodium 
(23). A “stickiness” of gametocytes per sex and genotype could be speculated to prevent self-
mating and allow out-crossing to promote parasite population genetic diversity, thus favouring 
the transmission of minority clones. The becoming closer between gametes with different 
genotypes could also occurred during mating in mosquitoes. Multiple gametocyte clones in 
humans were shown to produce lower intensity and prevalence infections in the vector than 
monoclonal ones (10) suggesting that malaria parasite use a kin discrimination to evaluate the 
genetic diversity of their infections. Therefore parasites could adjust their behaviour in response 
to the presence of co-infecting genotypes as it was hypothesized in P. chabaudi (24) and favour 
out-crossing to promote the transmission and persistence of minority parasite genotypes. 
The data obtained in this study could contribute to explain the distribution of drug-specific 
alleles observed in the field and could give answers to resistance evolution in areas with 
different transmission level. Indeed the preference for the minority alleles by the sporogony 
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could prevent, in areas with high level of transmission, the prevalence of drug-specific 
mutations reaching 100% as observed in some areas with low level of transmission with fixation 
of drug-specific mutation (25). Conversely in absence of drug pressure, the sporogonial phase 
could prevent the recovery to 100% of wild-type alleles by maintaining a minority of mutant 
alleles that thus, exclude the possibility of re-introduction of a withdrawn drug.  
Whereas in humans, the resistance-related mutations confer a fitness cost to parasites in absence 
of drug pressure and result in a decrease in the prevalence of resistant alleles (26), the sporogony 
in the mosquito could compensate this human selective disadvantage by promoting the 
persistence of minority resistant alleles. Regardless of the problem of resistances, this 
phenomenon should favour and maintain the allelic diversity in areas with significant MOI 
corresponding to high level of transmission. The real impact of this new force driving of drug 
resistance dynamic and more broadly the shaping of P. falciparum population structure must 
be assessed. 
Materials and Methods 
Study sites and origin of samples 
The study was carried out over two years, from 2007 to 2008, during the rainy seasons. The 
recruitment sites were in primary schools from the Mfou district (3°43'N, 11°38'E), 26 km from 
the centre of Yaoundé, Cameroon. This study was reviewed and approved by the Cameroonian 
National Ethics Committee (protocol #039/CNE/MP/06). Naturally P. falciparum gametocyte 
carriers were microscopically identified after thick blood smear obtained by fingerprick and 
stained in 10% Giemsa. Gametocyte densities were expressed as the number of gametocytes 
observed against 1000 leukocytes, assuming a standard concentration of 8000 leukocytes per 
µl. Venous blood samples was drawn and used to experimental mosquito feedings and 
gametocyte isolation. Children with trophozoites densities > 500 parasites per µL were then 
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treated with an artemisinin-based combination therapy, according to the national 
recommendations. 
Gametocyte isolation 
Gametocytes were isolated from 1 mL of serum-free blood using a MACS® columns (Miltenyi 
Biotec, Germany) as previously described (13). DNA from purified gametocyte was extracted 
with DNAzol® (Molecular Research Center, Inc. USA) and was subjected to whole-genome 
amplification (WGA) using the GenomiPhi V2 DNA Amplification kit (GE HealthCare, 
Sweden). All DNA samples were frozen at -20°C until gametocyte genotyping. 
Experimental feedings 
Batches of about 20 females of our local Ngousso laboratory strain of A. coluzzii were infected 
with 400µL of each donor’s blood after the replacement of the serum by a non-immune AB 
serum. The blood fed mosquitoes were then processed at different stages of P. falciparum 
development in the vector. At day 14 pi, salivary glands of fed mosquitoes from the infectious 
blood meals were dissected and transferred in 200µL of DNAzol® for DNA extraction 
according to the manufacturer’s protocol. A P. falciparum specific PCR (PF1 5’-
GGAATGTTATTGCTAACAC-3’ and PF2 5’-AATGAAGAGCTGTGTATC-3’) was carried 
out on salivary gland DNA to identify sporozoite positive samples. DNA from positive salivary 
glands obtained for each feeding were pooled and were frozen at -20°C until sporozoite 
genotyping. 
Genotyping of gametocyte and sporozoite samples 
The genotyping of pfcrt 76 codon (chromosome 7) was performed on both gametocyte and 
sporozoite DNA with a  real-time PCR assay using Fluorescence Resonance Energy Transfer 
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(FRET) hybridization probes and a melting curve analysis as previously described (27, 28). 
Each run included two control DNA samples of P. falciparum, the CQ-susceptible 
F32/Tanzania strain with pfcrt K76 wild-type allele and the CQ-resistant FCM29/Cameroon 
clone carrying pfcrt 76T mutant allele.  
DNA from gametocytes and sporozoites was amplified to assess the genetic polymorphism of 
7 microsatellite loci localised on 5 different chromosomes, according to Anderson et al. (29) 
and Annan et al. (30). PCR products were resolved on an ABI Prism 3100 DNA Genetic 
Analyzer (Applied Biosystems, Foster City, CA) using 500-LIZ as internal size standard. 
Alleles were read under GeneMapper software (Applied Biosystems). The maximum number 
of alleles at the more polymorphic locus provided the minimum number of clones per isolate 
and determined the multiplicity of the infection.  
 
Quantification of mutant and wild-type alleles  
The relative quantification of mutant/wild-type alleles of pfcrt 76 was determined using the plot 
of the negative first derivative of the fluorescence with respect to temperature (-dF/dT) versus 
temperature as previously described (31, 32). The relative amount of mutant or wild-type alleles 
was determined by calculating the ratio of melting peak heights of the high (mutant) or low 
(wild-type) temperature melting curves against the sum of heights of both mutant and wild-type 
melting peaks, respectively: 
Mutant % = ୑୳୲ୟ୬୲	୘୫	୮ୣୟ୩	୦ୣ୧୥୦୲	୑୳୲ୟ୬୲	୘୫	୮ୣୟ୩	୦ୣ୧୥୦୲	ା୵୧୪ୢି୲୷୮ୣ	୘୫	୮ୣୟ୩	୦ୣ୧୥୦୲ 	x	100 
Wild-type % = ୛୧୪ୢି୲୷୮ୣ୘୫	୮ୣୟ୩	୦ୣ୧୥୦୲	୑୳୲ୟ୬୲	୘୫	୮ୣୟ୩	୦ୣ୧୥୦୲	ା୵୧୪ୢି୲୷୮ୣ	୘୫	୮ୣୟ୩	୦ୣ୧୥୦୲ 	x	100 
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Statistical analysis 
All statistical analyses were carried out using R (version 3.2.3, R Foundation for Statistical 
Computing, Vienna, Austria) using lme4 package. The proportion of mutant or wild-type alleles 
in sporozoites was plotted against the proportion of mutant or wild-type alleles in gametocytes. 
A U variable was created to list all gametocyte and sporozoite samples and to compare the 
proportion of wild-type pfcrt 76 alleles observed in the gametocyte samples to the proportion 
of wild-type pfcrt 76 alleles in the paired sporozoite samples, respectively. This variable took 
a 1 value if the proportion of wild-type pfcrt 76 alleles in the gametocyte sample is inferior or 
equal to the proportion of wild-type pfcrt 76 alleles in the paired sporozoite sample, or a 0 value 
otherwise. The same coding was used for the mutant pfcrt 76 alleles. The variations of U were 
analysed using a logistic regression that took into account the donor effect because data were 
not independent (one gametocyte sample corresponded to n sporozoite samples). The 
generalized linear mixed model fit by maximum likelihood (Laplace Approximation) and the 
binomial family used the formula: u ~ 1 + percentage in gametocyte sample + (1 | gametocyte 
sample). 
Data that were not normally distributed were displayed as median along with interquartile 
ranges and were compared with Wilcoxon signed rank test for two group comparisons. The 
Gaussian data were reported as the mean ± standard deviation and were analysed using the 
paired t test for two group comparisons. Proportions were compared using the χ² test or the 
Fisher’s exact test, as appropriate. The relationship between the ratio of mutant to wild-type 
pfcrt 76 alleles and pre-mixed standards was calculated by simple linear regression and the 
strength of the relationship was assessed by correlation analysis using GraphPad Prism software 
(GraphPad Inc., San Diego, CA, USA). Differences in comparisons were considered 
statistically significant if the P value was ≤ 0.05. 
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Figure 1: Dispersion of the proportion of wild-type (A) or mutant (B) pfcrt 76 alleles in 
gametocyte samples and in paired sporozoite samples. The dots represent the observed 
proportion of wild-type (A) or mutant (B) pfcrt 76 alleles in each sporozoite sample against the 
observed proportion of wild-type (A) or mutant (B) pfcrt 76 alleles in the paired gametocyte 
sample.  
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Figure 2: Logistic regression of the probability of a higher proportion of pfcrt 76 alleles in 
sporozoite in function of the proportion of pfcrt 76 allele in gametocyte.  
A binary U variable was created to compare the proportion of wild-type pfcrt 76 allele in 
gametocyte sample to the one in the paired sporozoite samples. This variable took a 1 value if 
the proportion of wild-type pfcrt 76 allele in gametocyte sample is inferior or equal to the one 
in the paired sporozoite sample, or a 0 value otherwise. The probability of U=1 for each 
gametocyte sample was calculated using a logistic regression, the donor effect is taken into 
account. The probability (expressed in percentage) of U=1 in function of the proportion wild-
type pfcrt 76 allele in gametocyte sample was plotted (red line - panel A). The blue line 
represents the expected probability of U=1 if this U variable was hazardously distributed (50% 
of U = 0 and 50% of U = 1). The same approach was used for the mutant pfcrt 76 alleles (B).  
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Figure 3: Frequency of newly detected alleles and non-detected alleles in paired sporozoites for each feeding in function of microsatellites.  
 
 P20 P24 P21 P23 P26 P22 P25 All microsatellites 
Newly detected alleles 
(%) 
27/47 
(57.4%) 31/47 (66.0%) 15/47  (31.9%) 17/47 (36.2%) 24/47 (51.1%) 21/47 (44.7%) 26/47 (55.3%) 43/47  (91.5%) 
Non-detected alleles 
(%) 
25/47 
(53.2%) 18/47 (38.3%) 5/47  (10.6%) 3/47  (6.4%) 17/47  (36.2%) 16/47  (34.0%) 17/47  (36.2%) 35/47  (74.5%) 
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Table 1: Number of different alleles obtained for each microsatellite in gametocyte or sporozoite samples 
 
Microsatellite P20 P24 P21 P23 P26 P22 P25 Chi² test 
Gametocyte samples 15 13 9 4 13 9 9 
0,998 
Sporozoite samples 16 13 7 5 12 8 9 
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Table 2: Allele distribution observed in gametocyte or sporozoite samples for each microsatellite 
                     Chi² test 
M
I
C
R
O
S
A
T
E
L
L
I
T
E
S
 
P20 
Allele 132 139 142 145 147 150 153 156 159 162 165 168 171 174 177 180 183 186 
0,707 Gameto* 5 1 4 9 0 9 25 17 19 15 14 4 4 5 8 0 1 1 
Sporo† 4 2 6 5 2 7 26 19 19 15 10 5 5 6 12 1 0 0 
P24 
Allele 157 160 163 166 169 172 175 177 180 183 186 189 192      
0,359 Gameto* 0 15 25 25 18 9 8 5 8 8 3 4 1      
Sporo† 2 11 21 25 24 18 13 6 13 6 3 4 2      
P21 
Allele 65 68 71 74 77 80 83 86 92          
0,973 Gameto* 3 1 26 16 5 24 14 3 2          
Sporo† 3 3 31 19 5 29 17 5 2          
P23 
Allele 93 96 99 102 105 108             
0,780 Gameto* 6 21 42 3 0 0             
Sporo† 7 30 45 5 1 1             
P26 
Allele 159 162 165 168 171 174 177 180 183 186 189 192 198 201 213    
0,468 Gameto* 2 33 27 3 1 23 22 2 2 7 3 3 0 1 1    
Sporo† 3 33 32 3 3 26 26 4 2 8 5 3 3 2 0    
P22 
Allele 54 57 60 63 66 69 72 75 78 81 84        
0,671 Gameto* 0 1 11 9 29 21 13 17 3 6 0        
Sporo† 1 1 14 7 29 21 14 21 0 8 3        
P25 
Allele 93 96 99 102 105 108 111 114 117          
0,746 Gameto* 1 1 14 17 29 11 17 7 3          
Sporo† 6 5 10 19 36 13 17 11 5          
* Gametocyte sample 
† Sporozoite sample  
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SUPPLEMETARY DATA 
 
Figure S1: Quantification of mutant and wild-type pfcrt 76 alleles by using FRET-based 
DNA hybridization probes. DNA from FcM29/Cameroon clone carrying mutant pfcrt 76T 
allele was used as mutant control whereas DNA from F32/Tanzania strain carrying wild-type 
pfcrt K76 allele was used as wild-type control. Numbers  1–3  represent  a  F32/Tanzania : 
FcM29/Cameroon  ratio  of  7.5:2.5,  5:5,  2.5:7.5,  1:9  and  0:1,  respectively. After 
amplification and fusion, the negative first derivative of fluorescence with respect to 
temperature (-dF/dT) obtained for the different mixtures of mutant/wild-type pfcrt 76 alleles 
was plotted against the temperature. The figure shows the negative first derivative of 
fluorescence with respect to temperature (-dF/dT) versus temperature of different mixtures of 
mutant and wild-type alleles. On the melting curve, the two melting peaks of mutant (pfcrt 76T) 
and wild-type (pfcrt K76) alleles are clearly separated (~5°C). In the case of wild-type allele 
(F32/Tanzania), one peak is exclusively observed at a lower temperature (~53.5°C) whereas in 
the case of mutant allele (FcM29/Cameroon), one peak is exclusively observed at a higher 
temperature (~58.5°C). In case of mixture of wild-type and mutant alleles, two peaks are 
obtained depending of the proportion of each allele. Sample 1 contained 25% of 
FcM29/Cameroon DNA and 75% of F32/Tanzania DNA. Sample 2 contained 50% of 
FcM29/Cameroon DNA and 50% of F32/Tanzania DNA. Sample 3 contained 75% of 
FcM29/Cameroon DNA and 25% of F32/Tanzania DNA. 
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Figure S2: Validation of the method of quantification of the proportion of mutant pfcrt 
76T and wild-type pfcrt K76 alleles  
The relative amount of mutant and wild-type pfcrt 76 alleles was calculated for each sample as 
described in material and method section and plotted against the theoretical amount of mutant 
and wild-type alleles present in the pre-mixed standards. A standard curve was plotted by using 
pre-mixed DNA standards in the 0–100% range and the calculated proportion of wild-type (A) 
or mutant (B) alleles present in samples. Linear regressions provided a good fitting curve (R² = 
0.9831 for wild-type allele and R² = 0.9834 for mutant allele) validating the methodology of 
quantification of the proportion of mutant and wild-type pfcrt 76 alleles.  
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Table S1: Genetic polymorphism at 7 microsatellite loci and at pfcrt 76 gene observed in gametocyte and sporozoite samples.  
  Gametocyte sample    Salivary gland sample 
  Number of alleles in microsatellite loci 
 
% pfcrt 76 allele    Number of alleles in microsatellite loci 
  Mean % pfcrt 
76 allele 
CARRIER  P20  P24  P21  P23  P26  P22  P25    K76  76T    P20  P24  P21  P23  P26  P22  P25    K76  76T 
DB1  NA  NA  NA  NA  NA  NA  NA    31.3  68.7    NA  NA  NA  NA  NA  NA  NA    51.0  49.0 
DB3  NA  NA  NA  NA  NA  NA  NA    0.0  100    NA  NA  NA  NA  NA  NA  NA    41.7  58.3 
DB4  NA  NA  NA  NA  NA  NA  NA    0.0  100    NA  NA  NA  NA  NA  NA  NA    56.3  43.7 
DB6  NA  NA  NA  NA  NA  NA  NA    100  0.0    NA  NA  NA  NA  NA  NA  NA    57.7  42.3 
DB7  1  1  2  1  1  2  1    0.0  100    1  1  2  2  2  1  2    45.2  54.8 
DB8  NA  NA  NA  NA  NA  NA  NA    32.1  67.9    NA  NA  NA  NA  NA  NA  NA    30.8  69.2 
DB9  NA  NA  NA  NA  NA  NA  NA    21.1  78.9    NA  NA  NA  NA  NA  NA  NA    28.9  71.1 
DB10  NA  NA  NA  NA  NA  NA  NA    0.0  100.0    NA  NA  NA  NA  NA  NA  NA    13.6  86.4 
DB11  NA  NA  NA  NA  NA  NA  NA    49.5  50.5    NA  NA  NA  NA  NA  NA  NA    49.6  50.4 
DB12  NA  NA  NA  NA  NA  NA  NA    0.0  100.0    NA  NA  NA  NA  NA  NA  NA    14.9  85.1 
DB13  3  3  2  1  1  1  2    0.0  100.0    3  3  2  2  1  1  3    29.5  70.5 
DB14  3  2  1  1  2  2  2    32.1  67.9    3  3  1  1  1  1  1    27.1  72.9 
DB16  NA  NA  NA  NA  NA  NA  NA    58.7  41.3    NA  NA  NA  NA  NA  NA  NA    43.9  56.1 
DB19  NA  NA  NA  NA  NA  NA  NA    0.0  100.0    NA  NA  NA  NA  NA  NA  NA    24.7  75.3 
DB20  NA  NA  NA  NA  NA  NA  NA    76.3  23.7    NA  NA  NA  NA  NA  NA  NA    55.8  44.2 
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DB21  NA  NA  NA  NA  NA  NA  NA    21.3  78.9    NA  NA  NA  NA  NA  NA  NA    16.8  83.2 
DB22  NA  NA  NA  NA  NA  NA  NA    47.3  52.7    NA  NA  NA  NA  NA  NA  NA    47.6  52.4 
DB24  4  4  3  2  2  4  3    34.1  65.9    4  3  3  2  4  2  2    47.3  52.7 
DB25  1  1  1  1  1  1  1    0.0  100.0    1  2  1  1  3  1  1    10.1  89.9 
DB26  1  1  1  1  1  1  1    0.0  100.0    1  2  1  1  1  1  1    28.9  71.1 
DB27  NA  NA  NA  NA  NA  NA  NA    0.0  100.0    NA  NA  NA  NA  NA  NA  NA    38.9  61.1 
DB28  NA  NA  NA  NA  NA  NA  NA    0.0  100.0    NA  NA  NA  NA  NA  NA  NA    21.6  78.4 
DB35  5  4  3  1  2  5  3    34.9  65.1    4  3  3  2  5  3  4    45.4  54.6 
DB36  NA  NA  NA  NA  NA  NA  NA    74.4  25.6    NA  NA  NA  NA  NA  NA  NA    7.2  92.8 
DB41  NA  NA  NA  NA  NA  NA  NA    22.2  77.8    NA  NA  NA  NA  NA  NA  NA    31.2  68.8 
DB47  1  2  1  1  1  1  2    74.7  25.3    2  2  1  2  5  1  3    97.1  2.9 
DB49  3  3  3  2  5  4  3    20.4  79.6    2  3  3  2  3  3  3    14  86.0 
DB50  4  2  3  1  2  4  3    65.9  34.1    6  5  3  1  5  2  5    18.3  81.7 
DB56  2  2  1  1  3  1  1    75.5  24.5    2  4  1  2  2  2  3    91.8  8.2 
DB60  2  2  1  1  2  2  1    100.0  0.0    4  4  4  2  5  3  3    84.4  15.6 
DB63  5  4  3  2  3  3  2    75.6  24.4    4  4  3  2  4  2  2    78.6  21.4 
DB64  1  1  1  1  1  1  1    100.0  0.0    2  1  1  2  3  1  1    96.1  3.9 
DB66  1  1  1  1  1  1  1    0.0  100.0    1  1  1  1  4  1  1    1.4  98.6 
DB67  6  5  3  2  3  3  2    31.8  68.2    7  4  4  2  3  5  3    38  62.0 
DB68  2  1  2  1  2  1  1    29.2  70.8    3  5  3  1  4  2  2    34.3  65.7 
DB69  2  1  1  1  3  2  1    59  41    6  8  5  3  6  5  3      59.3 
DB70  2  2  1  1  3  1  2    100.0  0.0    7  6  4  4  7  5  5    63.9  36.1 
141 
 
DB72  1  1  1  1  2  1  1    0.0  100.0    2  3  1  2  1  2  2    87.5  12.5 
DB76  1  1  2  2  2  2  1    56.5  43.5    4  4  2  2  3  2  4    67.0  33.0 
DB78  2  3  1  1  2  4  1    66.1  33.9    3  4  3  1  2  5  3    56.5  43.5 
DB79  1  1  1  1  2  1  1    0.0  100.0    1  1  2  1  2  2  3    32  68.0 
DB80  7  6  2  2  4  4  4    50.4  40.6    3  3  2  2  3  2  3    0.0  100.0 
DB81  3  2  4  3  4  6  5    72  28    7  7  5  3  4  7  6    34.0  66.0 
DB83  6  5  5  3  6  6  5    56.5  43.5    6  3  5  2  5  6  4    56.8  43.2 
DB85  3  3  2  1  3  2  4    68.3  31.7    4  3  2  2  3  2  3    62.8  37.2 
DB86  5  5  2  2  3  2  2    35.2  64.8    5  4  2  2  2  3  2    29.9  70.1 
DB88  6  6  3  3  6  5  4    28.7  71.3    4  4  3  3  6  5  4    49.6  50.4 
DB89  4  4  2  1  3  3  3    40.2  59.8    3  2  1  1  2  1  1    7.4  92.6 
DB93  1  1  1  1  1  1  1    100.0  0.0    1  1  1  1  1  1  1    75.0  25.0 
DB95  4  6  3  2  3  2  2    37  63    4  6  4  2  3  3  2    9.9  90.1 
DB96  6  4  4  2  4  3  4    29  71    3  2  2  1  2  3  3    0.0  100.0 
DB97  8  10  5  2  7  3  4    75.7  24.3    5  4  5  3  6  4  3    7.0  93.0 
DB99  5  5  3  2  3  2  2    86.2  13.8    2  3  3  2  3  2  2    88.0  12.0 
DB102  2  2  1  2  4  2  2    0.0  100.0    2  2  4  2  4  2  2    77  23.0 
DB108  3  1  1  1  5  3  2    0.0  100.0    5  3  2  2  5  4  2    81.5  18.5 
DB115  2  2  1  3  3  1  1    0.0  100.0    2  3  1  3  4  2  2    3  97.0 
DB116  NA  NA  NA  NA  NA  NA  NA    0.0  100.0    NA  NA  NA  NA  NA  NA  NA    92.9  7.1 
 
NA: not available 
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C. Discussion / Conclusion : 
Cette étude a pu mettre en évidence une sélection préférentielle des allèles présents 
minoritairement dans les gamétocytes, pendant la sporogonie. En effet, la proportion des allèles, 
mutés ou sauvage, de pfcrt 76 dans les gamétocytes n’était pas différente de celle observée chez 
les sporozoïtes. En revanche, une analyse de régression logistique en tenant compte de 
l’influence du donneur, a pu mettre en évidence que le cycle sporogonique favorisait les allèles 
minoritairement présents au stade gamétocyte. Ce phénomène de préférence était indépendant 
de la nature de l’allèle, sauvage ou muté, de pfcrt 76, évoquant fortement une absence de 
relation avec le gène de résistance en question. L’analyse des microsatellites, même si elle 
restait qualitative, renforçait cette hypothèse. 
Ainsi, dans les zones de forte transmission soumises à une pression médicamenteuse forte, la 
sélection lors de la sporogonie pourrait contribuer au maintien des allèles de résistance malgré 
l’absence de pression thérapeutique. De façon plus générale, ce phénomène pourrait être un 
facteur important de la diversité des populations plasmodiales, avec des conséquences possibles 
sur la prémunition. 
Cette préférence de l’allèle minoritaire devra, cependant, être confirmé par l’étude d’autres 
gènes de résistance (pfmdr1, pfdhfr, pfdhps, pfk13…) et son implication dans la diffusion des 
parasites résistants devra être évaluée. Ces études devront utiliser des techniques de séquençage 
NGS afin d’obtenir des données quantitatives les plus précises possibles et ce, quel que soit le 
gène étudié.
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Les facteurs qui gouvernent la dynamique d’émergence, de sélection et de diffusion de la 
résistance sont nombreux et leurs interactions complexes. Les antipaludiques via la pression de 
sélection qu’ils exercent sur le parasite sont l’élément déclencheur de l’émergence de la 
résistance. Les recommandations officielles et informelles, variées et différentes, les 
« rumeurs » et modes, les accidents de distribution (rupture de stocks, contrefaçons), les 
stratégies commerciales ciblées, font que la nature de la pression est multiple, parfois 
synergique, d’autre fois antagoniste, et que le phénotype de résistance résultant est très difficile 
à prédire. En plus du rôle qu’exercent des antipaludiques, les interactions parasite - Homme 
(fitness, multiplicité de l’infection, niveau de prémunition) et les interactions parasite-vecteur 
(multiplicité de l’infection, charge et agrégation des gamétocytes, préférence sexuelle du 
parasite) sont des facteurs essentiels à la régulation de cette dynamique de résistance.  
Nos travaux au Cameroun ont montré la très grande rapidité à laquelle peuvent survenir des 
changements majeurs de modifications génotypiques de la population plasmodiale. Nous avons 
également confirmé la complexité de la relation entre antipaludiques et résistance. L’étude 
entrepris sur le moustique a montré que le vecteur semblait à même de jouer un rôle qu’on ne 
lui prêtait pas jusqu’à présent, en étant capable de favoriser les clones minoritaires présents 
chez l’Hôte ce qui pourrait avoir des implications épidémiologiques importantes. Si ce rôle était 
confirmé, ce phénomène pourrait expliquer, en zone de forte transmission, l’évolution très 
rapide des génotypes parasitaires au gré des changements de stratégies thérapeutiques. Enfin, 
in vitro, nous avons observé la grande plasticité du parasite, capable d’étendre son spectre de 
résistance face à des pressions plus longues et intenses à l’artémisinine, et laissant ainsi présager 
la possibilité d’une multi-résistance. En dehors des réels problèmes de prise en charge 
thérapeutique des patients infectés par ces parasites, le caractère épigénétique sur lequel 
pourrait reposer cette résistance rendra très difficile sa détection et sa surveillance, nécessitant 
des tests phénotypiques plus lourds à mettre en place. 
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Ces données, comme de nombreuses autres provenant de travaux antérieurs ou à venir, sont 
importantes pour acquérir une connaissance plus fine de ces interactions. Cependant, la 
multiplicité des acteurs impliqués rend les modélisations extrêmement complexes et la 
prédiction de l’évolution de la résistance très aléatoire. Sur le plan pratique, la surveillance 
phénotypique et génotypique régulière sur le terrain reste, à ce jour, le meilleur outil pour 
identifier l’émergence de résistance et adapter au mieux les stratégies de contrôle du paludisme. 
En Afrique, la découverte des premiers cas de résistances aux dérivés de l’ART est 
vraisemblablement imminent, comme l’atteste le signalement fait par Lu et al., et remettra en 
cause les progrès de ces dernières années sur le contrôle du paludisme (Lu et al., 2017). Cette 
situation nécessite encore une amélioration et une structuration de cette surveillance à l’échelle 
du continent.   
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ANNEXE 1 : Les différentes classes d’antipaludiques  
(D’après Delves et al. 2012) 
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A molecular marker of artemisinin-
resistant Plasmodium falciparummalaria
Fre´de´ric Ariey1,2{, Benoit Witkowski3, Chanaki Amaratunga4, Johann Beghain1,2{, Anne-Claire Langlois1,2, Nimol Khim3,
Saorin Kim3, Valentine Duru3, Christiane Bouchier5, Laurence Ma5, Pharath Lim3,4,6, Rithea Leang6, Socheat Duong6,
Sokunthea Sreng6, Seila Suon6, Char Meng Chuor6, Denis Mey Bout7, Sandie Me´nard8{, William O. Rogers9, Blaise Genton10,
Thierry Fandeur1,3, Olivo Miotto11,12,13, Pascal Ringwald14, Jacques Le Bras15, Antoine Berry8{, Jean-Christophe Barale1,2{,
Rick M. Fairhurst4*, Françoise Benoit-Vical16,17*, Odile Mercereau-Puijalon1,2* & Didier Me´nard3*
Plasmodium falciparum resistance to artemisinin derivatives in southeast Asia threatensmalaria control and elimination
activities worldwide. To monitor the spread of artemisinin resistance, a molecular marker is urgently needed. Here,
using whole-genome sequencing of an artemisinin-resistant parasite line from Africa and clinical parasite isolates from
Cambodia, we associate mutations in the PF3D7_1343700 kelch propeller domain (‘K13-propeller’) with artemisinin
resistance in vitro and in vivo. Mutant K13-propeller alleles cluster in Cambodian provinces where resistance is
prevalent, and the increasing frequency of a dominant mutant K13-propeller allele correlates with the recent spread
of resistance inwestern Cambodia. Strong correlations between the presence of amutant allele, in vitro parasite survival
rates and in vivo parasite clearance rates indicate that K13-propeller mutations are important determinants of
artemisinin resistance. K13-propeller polymorphism constitutes a useful molecular marker for large-scale surveillance
efforts to contain artemisinin resistance in the Greater Mekong Subregion and prevent its global spread.
The emergence of Plasmodium falciparum resistance to artemisinin
derivatives (ART) in Cambodia threatens the world’s malaria control
and elimination efforts1,2. The risk of ART-resistant parasites spread-
ing from western Cambodia to the Greater Mekong Subregion and to
Africa, as happened previously with chloroquine- and sulphadoxine/
pyrimethamine-resistant parasites3–5, is extremely worrisome. Clinical
ART resistance is defined as a reduced parasite clearance rate1,6–10,
expressed as an increasedparasite clearancehalf-life11,12, or apersistence
ofmicroscopically detectable parasites on the third day of artemisinin-
based combination therapy (ACT)2. The half-life parameter correlates
stronglywith results fromthe in vitro ring-stage survival assay (RSA0–3h)
and results from the ex vivo RSA13, which measure the survival rate of
young ring-stage parasites to a pharmacologically relevant exposure
(700 nM for 6 h) to dihydroartemisinin (DHA)—themajormetabolite
of all ARTs. However, the present lack of a molecular marker hampers
focused containment of ART-resistant parasites in areas where they
have been documented and hinders rapid detection of these parasites
elsewhere, where ACTs remain the most affordable, effective antima-
larials. To detect and monitor the spread of ART resistance, a molecu-
lar marker for widespread use is needed.
Recent genome-wide analyses of P. falciparum isolates have pro-
vided evidence of recent positive selection in geographic areas of ART
resistance9,14–16. Whereas parasite heritability of the clinical phenotype
is above 50%, no reliablemolecularmarker has yet been identified.One
possible explanation is that the parasite clearance half-life is not only
determined by the intrinsic susceptibility of a parasite isolate to ART,
but also by its developmental stage at the time of ART treatment and
host-related parameters such as pharmacokinetics and immunity17.
This issue was recently highlighted in patients presenting discordant
data between parasite clearance half-life in vivo and RSA0–3h survival
rate in vitro13. Moreover, genome-wide association studies (GWAS)
are confounded by uncertainties about parasite population structure.
Recent evidence for several highly differentiated subpopulations of ART-
resistant parasites in western Cambodia15 suggests that distinct emer-
gence events might be occurring. An alternative strategy to discover a
molecular marker is to analyse mutations acquired specifically by
laboratory-adapted parasite clones selected to survive high doses of
ART in vitro, and use this information to guide analysis of polymorph-
ism in clinical parasite isolates from areas where ART resistance is well
documented at both temporal and geographical levels. Here we used
this strategy to explore the molecular signatures of clinical ART res-
istance in Cambodia, where this phenotype was first reported1,8.
A candidate molecular marker of ART resistance
The ART-resistant F32-ART5 parasite line was selected by culturing
theART-sensitive F32-Tanzania cloneunder a dose-escalating, 125-cycle
*These authors contributed equally to this work.
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regimen of artemisinin for 5 years18. Whole-genome sequences were
obtained for both F32-ART5 and F32-TEM (its sibling clone cultured
without artemisinin) at 4603 and 5003 average nucleotide coverage,
respectively. Compared to F32-TEM, no deleted genes were identified
in F32-ART5.The exomesof F32-ART5 andF32-TEMwere compared
after excluding (1) genes fromhighly variable,multi-gene families (var,
rifin and stevor), (2) positions with coverage lower than 25% of the
mean coverage of the parasite line, (3) single-nucleotide polymorph-
isms (SNPs) found to be mixed in F32-ART5, given that acquired
ART-resistance mutation(s) could be expected to be fixed in the sam-
ple after 5 years of continuous pressure, (4) SNPs shared between F32-
ART5 and the ART-sensitive 3D7 parasite strain and (5) synonymous
SNPs (Extended Data Fig. 1).
This analysis identified eight mutations in seven genes that were
subsequently confirmedby Sanger sequencing of PCRproducts (Extended
Data Table 1). Each gene harbours one mutant codon in F32-ART5
compared to F32-TEM, F32-Tanzania or 3D7 (ExtendedData Table 2).
Information on the expression of the genes and the biological function
of the proteins are listed in Extended Data Table 3. Only one of these
genes, cysteine protease falcipain 2a (PF3D7_1115700), has previously
been associated with in vitro responses to ART19. To determine when
each mutation arose in the F32-ART5 lineage, we analysed the whole-
genome sequences of parasites at various drug-pressure cycles (Fig. 1).
This analysis showed that the PF3D7_0110400 D56V and PF3D7_
1343700M476Imutationswere acquired first, during the steep increase
of ART resistance, and remained stable thereafter. Importantly, the
appearance of these two mutations is associated with an increase in
the RSA0–3 h survival rate, from less than 0.01% to 12.8%. Subsequent
PCR analysis of the PF3D7_1343700 locus detected the M476I muta-
tion after 30 drug-pressure cycles, consistent with the sharp increase in
RSA0–3h survival rate observed thereafter. The other SNPs appeared
stepwise at later stages of selection: PF3D7_0213400 (68 cycles); PF3D7_
1115700 (98 cycles); PF3D7_1302100, PF3D7_1459600 and PF3D7_
1464500 (120 cycles) (Extended Data Table 2). These data indicate that
the PF3D7_1343700M476I mutation increased the resistance of F32-
Tanzania to DHA in the RSA0–3h.
To explore whether these mutations are associated with ART resis-
tance inCambodia, we investigated sequence polymorphism in all seven
genes by mining whole-genome or Sanger sequences for 49 culture-
adaptedparasite isolates collected in2010–2011 (seeMethods).Wechose
these isolates based on their differential RSA0–3 h survival rates (Sup-
plementary Table 1) and their sequences were compared to those of
control parasites lines 3D7, 89F520 and K1992 (see Methods). Three
genes (PF3D7_0110400, PF3D7_0213400 andPF3D7_1302100) encode
awild-type sequence for all parasite isolates. The other four genes show
intra-population diversity, with previously reported or novel SNPs
(Supplementary Table 1). PF3D7_1115700 has 11 SNPs that are not
associated with RSA0–3h survival rates (P5 0.06, Kruskal–Wallis test).
PF3D7_1459600 has 6 SNPs that are not associated with survival rates
(P5 0.65). PF3D7_1464500 has 12 SNPs previously reported in older
isolates from southeast Asia, including theART-susceptibleDd2 line21,
probably reflecting a geographic signature. These SNPs also show no
significant association with survival rates (P5 0.42). Therefore, these
six genes were not studied further.
In contrast, PF3D7_1343700 polymorphism shows a significant
associationwith RSA0–3h survival rates (Fig. 2). Indeed, RSA0–3h survival
rates differ substantially betweenparasite isolateswithwild-type (median
0.17%, range 0.06–0.51%, n5 16) or mutant (18.8%, 3.8–58%, n5 33)
K13-propeller alleles (P, 1024,Mann–WhitneyU test) (Supplementary
Table 1). Four mutant alleles are observed, each harbouring a single
non-synonymous SNP within a kelch repeat of the C-terminal K13-
propeller domain, namely Y493H, R539T, I543T and C580Y located
within repeats no. 2, 3, 3 and 4, respectively. Both the K1992 and the
ART-susceptible 89F5 lines carry a wild-type K13-propeller. There are
noassociations betweenpolymorphisms in theK13-propeller and those
in the other candidate genes (Supplementary Table 1). Based on these
observations and the acquisition of M476I in kelch repeat no. 2 by
F32-ART5, we investigated whether K13-propeller polymorphism is a
molecular signature of ART resistance in Cambodia.
EmergenceandspreadofK13-propellermutants inCambodia
Over the last decade, the prevalence of ART resistance has steadily
increased in the western provinces of Cambodia, but not elsewhere in
†
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Figure 1 | Temporal acquisition of mutations in F32-ART5. F32-Tanzania
parasites exposed to increasing artemisinin concentrations for 120 consecutive
cycles18 were analysed by whole-genome sequencing at five time-points
(red arrows). Loci mutated after a given number of drug-pressure cycles
are shown (red boxes). The earliest time-points where three mutations were
detected by PCR (black arrows) are indicated by { for PF3D7_1343700, * for
PF3D7_0213400 and { for PF3D7_1115700. Orange and green circles indicate
RSA0–3 h survival rates for F32-ART5 and F32-TEM parasites, respectively
(mean of 3 experiments each).
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Figure 2 | Survival rates of Cambodian parasite isolates in the RSA0–3h,
stratified byK13-propeller allele. Genotypes were obtained byminingwhole-
genome sequence data (n5 21) or sequencing PCR products (n5 28). Mutant
parasites have significantly higher RSA0–3 h survival rates than wild-type
parasites: wild type (n5 17, median 0.16%, IQR 0.09–0.24, range 0.04–0.51);
C580Y (n5 26, median 14.1%, IQR 11.3–19.6, range 3.8–27.3, P, 1026 for
wild type versus C580Y, Mann–WhitneyU test); R539T (n5 5, median 24.2%,
IQR 12.6–29.5, range 5.8–31.3, P, 1023 for wild type versus R539T); Y493H
(51.4%); and I543T (58.0%). The RSA0–3h survival rate (0.04%) of control 3D7
parasites is indicated by an asterisk.
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the country2. To test whether the spatiotemporal distribution of K13-
propellermutations correlates with that of ART resistance, we sequenced
theK13-propeller of archived parasite isolates fromCambodian patients
with malaria in 2001–2012 (Extended Data Table 4). Data from six
provinces were compared (n5 886): Pailin, Battambang and Pursat in
the west where ART resistance is established1,6,8,22, Kratie in the south-
east where ART resistance has increased in recent years2, and Preah
Vihear in the north and Ratanakiri in the northeast where there was
virtually no evidence of ART resistance during this time period2. This
analysis reveals overall 17mutant alleles, including three high-frequency
(. 5%) alleles (C580Y, R539T andY493H). The frequency ofwild-type
sequence decreased significantly over time in all three western pro-
vinces, but not in Preah Vihear or Ratanakiri. The frequency of the
C580Y allele increased significantly from 2001–2002 to 2011–2012 in
Pailin and Battambang, indicating its rapid invasion of the population
and near fixation in these areas (Fig. 3).
To further investigate the geographic diversity of K13-propeller
polymorphism in Cambodia, we extended our sequence analysis to
include data from four additional provinces (n5 55, Kampong Som,
Kampot, Mondulkiri and Oddar Meanchey) in 2011–2012 (Extended
DataTable 4). Although a large number ofmutations are observed (Sup-
plementaryFig. 1 andExtendedDataTable 5), theC580Yallele accounts
for85% (189/222) of allmutant alleles observed in 2011–2012 (Extended
Data Fig. 2). This mapping outlines the elevated frequency (74%, 222/
300) of parasites harbouring a single non-synonymous mutation in
the K13-propeller and the geographic disparity of their distribution.
Importantly, the frequency distribution ofmutant alleles over the vari-
ous provinces matches that of day 3 positivity in patients treated for
malaria with an ACT (Spearman’s r5 0.99, 95% confidence interval
0.96–0.99, P, 0.0001), considered a suggestive sign of clinical ART
resistance (Extended Data Fig. 3).
K13-propeller polymorphisms and clinical ART resistance
To confirm that K13-propeller polymorphism is a molecular marker
of clinical ART resistance, we first identified 163 patients from Pursat
and Ratanakiri in whom we measured parasite clearance half-lives
(range 1.58–11.53 h)6 in 2009–2010 and for which parasites were prev-
iously assigned to aKHsubpopulation (KH1,KH2,KH3,KH4orKHA)
on the basis of ancestry analysis of whole-genome sequence data15.
Thirteen patients with mixed genotypes (a wild-type and one or more
mutant K13-propeller alleles) were excluded. Of the remaining 150
patients, 72 carried parasiteswith awild-type allele and the others carried
parasiteswith only a single non-synonymous SNP in theK13-propeller:
C580Y (n5 51), R539T (n5 6) and Y493H (n5 21) (Extended Data
Table 6). The parasite clearance half-life in patients with wild-type para-
sites is significantly shorter (median 3.30 h, interquartile range (IQR)
2.59–3.95) than those withC580Y (7.19 h, 6.47–8.31, P, 1026,Mann–
WhitneyU test), R539T (6.64 h, 6.00–6.72,P, 1024) orY493H (6.28 h,
5.37–7.14, P, 1026) parasites (Fig. 4a). Also, the parasite clearance
half-life in patients carryingC580Yparasites is significantly longer than
those with Y493H parasites (P5 0.007,Mann–WhitneyU test). These
data indicate that C580Y, R539T and Y493H identify slow-clearing
parasites in malaria patients treated with ART.
Because KH2, KH3, KH4 and KHA parasites have longer half-lives
than KH1 parasites15, we proposed that allelic variation in the K13-
propeller accounts for these differences. Among 150 parasites, 55, 26,
14, 12 and43areclassifiedasKH1,KH2,KH3,KH4andKHA, respectively.
Three K13-propeller alleles strongly associate with KH groups: 96%
(53/55) of KH1, 96% (25/26) of KH2 and 100% (12/12) of KH4 para-
sites carry thewild-type,C580YandY493Halleles, respectively (Extended
Data Table 6). Whereas KH3 parasites (n5 14) carry the wild-type,
C580Y and R539T alleles, R539T is not observed in KH1, KH2 or KH4
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Figure 3 | Frequency of K13-propeller alleles in 886 parasite isolates in
six Cambodian provinces in 2001–2012. Genotypes were obtained by
sequencing PCR products from archived blood samples. All mutant alleles
carry a single non-synonymous SNP (colour-coded, same colour codes as in
Fig. 2 for wild type, C580Y, R539T, Y493H and I543T). Significant reductions
(Fisher’s exact test) in wild-type allele frequencies were observed in Pailin,
Battambang, Pursat and Kratie over time (see Methods).
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parasites. As expected, KHAparasites have amixed allele composition.
Importantly, K13-propeller mutations more accurately identify slow-
clearing parasites than KH group (Fig. 4b), demonstrating that the
association of K13-propeller polymorphism with clinical ART resist-
ance in Cambodia is partially independent of the genetic background
of KH subpopulations. Within the KH1 group (n5 55), the parasite
clearance half-life in patients with wild-type parasites is significantly
shorter (n5 53,median 2.88 h, IQR 2.52–3.79) than thosewithY493H
parasites (n5 2,median 6.77h,P50.02,Mann–WhitneyU test).Within
the KH3 subpopulation (n5 14), the half-life in patients with wild-type
parasites is shorter (n5 3, median 3.65 h) than those with C580Y
(n5 7, median 8.73 h, IQR 7.35–9.06, P5 0.02) or R539T (n5 4,
6.65 h, 6.29–6.80, P5 0.03) parasites.
Discussion
The F32-ART5 lineage acquired aK13-propellermutation as it developed
ART resistance, as indicated by its ability to survive a pharmacologi-
cally relevantexposure toDHAintheRSA0–3h.Genesputativelyassociated
with ART resistance (Pfcrt23,24, Pftctp25,26, Pfmdr18,27,28, Pfmrp127–29 and
ABC transporters30) or encoding putative targets ofART (PfATPase631,32
and Pfubcth—the orthologue of Plasmodium chabaudi ubp133,34) were
not mutated during the 5-year selection of F32-ART5, and Pfmdr1
amplification was not observed35–40. In addition, all candidate ART-
resistance genes recently identified using population genetics appro-
aches14,40,41 remainedunaltered in F32-ART5, except forPF3D7_1343700
and PF3D7_1459600 located in the linkage-disequilibrium windows
identified in ref. 16. These findings led us to identify another 17 single
K13-propellermutations in naturally circulating parasites in Cambodia.
Several of these mutations associate strongly with the spatiotemporal
distribution of ART resistance in Cambodia, increased parasite sur-
vival rates in response to DHA in vitro, and long parasite clearance
half-lives in response to ART treatment in vivo. None of the six other
genes mutated in F32-ART5 associate with RSA0–3 h survival rates in
parasite isolates from Cambodia.
K13-propeller polymorphism fulfils the definition of a molecular
marker of ART resistance for several reasons: (1) there has been a pro-
gressive loss of wild-type parasites in western Cambodia during the
decade of emerging ART resistance in this region; (2) mutant para-
sites cluster in Cambodian provinces where ART resistance is well
established and are less prevalent where ART resistance is uncommon;
(3) PF3D7_1343700 is located 5.9 kilobases upstreamof the 35-kb locus
identified in ref. 14 as being under recent positive selection, and within
the region of top-ranked signatures of selection outlined in ref. 16;
(4) multiple mutations, all non-synonymous, are present in the K13-
propeller, reflecting positive selection rather than a hitchhiking effect
or genetic drift; (5)mutations occur in a domain that is highly conserved
inP. falciparum, with only onenon-synonymous SNPbeingdocumen-
ted in a single parasite isolate from Africa42; (6) all polymorphisms
we observe in Cambodia are novel and all but one (V568G) occur at
positions strictly conserved between Plasmodium species (Supplemen-
tary Fig. 1 and Supplementary Fig. 2), suggesting strong structural and
functional constraints on the protein; (7) the three most-prevalent
K13-propeller mutations correlate strongly with RSA0–3h survival
rates in vitro and parasite clearance half-lives in vivo at the level of
individual parasite isolates andmalaria patients, respectively; and (8) the
frequency of mutant alleles correlates strongly with the prevalence of
day 3 positivity after ACT treatment at the level of human populations
in Cambodia.
On the basis of homology with other kelch propeller domains, we
anticipate that the observed K13-propeller mutations destabilize the
domain scaffold and alter its function. The carboxy-terminal portion
ofPF3D7_1343700 encodes six kelchmotifs, which are found in a large
number of proteins with diverse cellular functions43,44. Given that the
toxicity of ART derivatives depends principally on their pro-oxidant
activity, the reported role of some kelch-containing proteins in regu-
lating cytoprotective and protein degradation responses to external
stress is particularly intriguing. The K13-propeller shows homology
with humanKLHL12 andKLHL2, involved in ubiquitin-based protein
degradation, andKEAP1, involved in cell adaptation to oxidative stress
(Extended Data Fig. 4). More work is needed to delineate the normal
function of K13 and the effect of various mutations. Allele exchange
studies in mutant and wild-type parasites may help to define the con-
tribution of K13-propeller polymorphisms on different genetic back-
grounds to theRSA0–3h survival rate. Indeed, it is particularlyworrying
that as few as two mutations, that is, the K13-propeller M476I and
PF3D7_0110400D56V,were sufficient to conferART resistance toF32-
Tanzania, which has a typical African genetic background. Cambodian
parasites with mutant K13-propellers display a wide range of RSA0–3 h
survival rates (3.8–58%) and parasite clearance half-lives (4.5-11.5 h).
Further studies are therefore required to identify additional genetic
determinants of ART resistance, which may reside in the strongly
selected regions recently identified14,16. In this context, analysing the
RSA0–3h survival rates as a quantitative trait among parasites harbour-
ing the same K13-propeller mutation could help to identify additional
genetic loci involved in ART resistance.
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Figure 4 | Parasite clearance half-lives. a, Correlation of parasite clearance
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In summary, K13-propeller polymorphism seems to be a useful
molecular marker for tracking the emergence and spread of ART-
resistant P. falciparum.
METHODS SUMMARY
The ART-resistant F32-ART5 parasite line was selected by culturing the ART-
sensitive F32-Tanzania clone under a dose-escalating regimen of artemisinin for
5 years. The F32-TEM line was obtained by culturing F32-Tanzania in parallel
without artemisinin exposure. Reference DNA was extracted from P. falciparum
lines 3D7, 89F5PaloAltoUganda andK1992. The ring-stage survival assay (RSA0–3h)
was performed as described previously13. Whole-genome sequencing was per-
formed on F32-Tanzania, F32-TEM, F32-ART5 (4 time points), three reference
strains (3D7, 89F5 and K1992) and 21 Cambodian parasite isolates, using an
Illumina paired-reads sequencing technology. A set of 1091 clinical P. falciparum
isolates was collected from patients participating in ACT efficacy studies in 2001–
2012. The K13-propeller was amplified using nested PCR. Double-strand sequen-
cing of PCR products was performed byMacrogen. Sequences were analysed with
MEGA 5 software version 5.10 to identify specific SNP combinations. Data were
analysed with Microsoft Excel and MedCalc version 12. Differences were consid-
ered statistically significant when P values were less than 0.05. Ethical clearances
for parasite isolate collections were obtained from the CambodianNational Ethics
Committee for Health Research, the Institutional Review Board of the Naval
Medical Research Center, the Technical Review Group of the WHO Regional
Office for the Western Pacific, and the Institutional Review Board of the National
Institute of Allergy and Infectious Diseases.
Online Content Any additional Methods, ExtendedData display items and Source
Data are available in the online version of the paper; references unique to these
sections appear only in the online paper.
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METHODS
Artemisinin- and mock-pressured P. falciparum F32 lineages. Mycoplasma-
free F32-Tanzania parasites were maintained in human type O red blood cells
(RBCs) (Etablisssement Français du Sang) diluted to 2.5% haematocrit in RPMI-
1640medium (Invitrogen, San Diego, CA) supplemented with 5% human serum.
Parasite culturesweremaintained at 37 uC in an atmosphere of 5%CO2. Parasitaemia
was checked daily and maintained below 10%. For the selection of ART-resistant
parasites, asynchronous cultureswere adjusted to 5–7%parasitaemia andgrown in
the presence of escalating doses of artemisinin (from 10 nM to 9mM) for 24 h for
the first 3 years of drug pressure18. In the subsequent 2 years, each drug-pressure
cyclewasdone for 48hwithdoses ranging from9mMto18mM.After drug exposure,
the medium was discarded and replaced by human-serum-supplemented (20%)
drug-free medium. Parasitaemia was monitored daily until it reached 5%. At that
time, drug pressure was reapplied. The parasite line obtained after an effective
5 years of discontinuous ART pressure was named F32-ART5. In parallel, the
parental F32-Tanzania line was kept as a control in continuous culture for the
same timeunder the same conditions (that is, RBCs, serumandmedia) butwithout
artemisinin exposure. The resulting control line was called F32-TEM.
Laboratory-adapted P. falciparum lines.ReferenceDNAwas extracted from the
laboratory-adapted P. falciparum lines 3D7 (MR4, Manassas, VA), 89F5 Palo
Alto Uganda (a clone from the Palo Alto line, originating from Uganda in 1978,
which displayed high susceptibility to artemether treatment in the Saimiri sciureus
experimental host (O.Mercereau-Puijalon, H. Contamin and J.-C. Barale, unpub-
lished data)) and K1992, an isolate collected in Pailin in 1992 before the mass
deployment of ART in that area (provided by the French National Reference
Center of Malaria). Parasite DNA was extracted from frozen blood aliquots (200ml)
using the Mini blood kit (Qiagen) according to the manufacturer’s instructions.
Culture-adapted P. falciparum isolates from Cambodia. Fifty clinical P. falci-
parum isolates fromCambodia (collected in 2010 and 2011)were adapted to in vitro
culture as described in ref. 45. Their geographic origin is indicated in Supplementary
Table 1. Parasite clearance rates were not determined for these patient isolates, as
they were collected during field trials that did not include such measurements.
Parasite DNA was extracted from frozen blood aliquots (200ml) using the Mini
blood kit (Qiagen).
Ring-stage survival assay. The ring-stage survival assay (RSA0–3 h) was carried
out as described in ref. 13 using highly synchronous parasite cultures. In brief,
0–3 h post-invasion ring-stage parasites were exposed to 700 nM DHA (dihy-
droartemisinin, obtained fromWWARN (http://www.wwarn.org/research/tools/
qaqc)) or its solvent DMSO for 6 h, washed and then cultivated for the next 66 h
without drug. Survival rates were assessedmicroscopically by counting inGiemsa-
stained thin smears the proportion of viable parasites that developed into second-
generation rings or trophozoites with normal morphology.
Ethical clearance. Ethical clearances for the collection of parasite isolates from
patients were obtained from the Cambodian National Ethics Committee for
Health Research, the Institutional Review Board of the Naval Medical Research
Center, the Technical ReviewGroup of theWHORegional Office for theWestern
Pacific, and the Institutional ReviewBoard of theNational Institute of Allergy and
Infectious Diseases. Work was conducted in compliance with all relevant ethical
standards and regulations governing research involving human subjects. Written
informed consent was obtained from all adult participants or the parents or
guardians of children.
Temporal and geographical sample collection.Aset of 941 clinicalP. falciparum
isolates was collected from patients participating in therapeutic efficacy studies of
ACTs, conducted as part of the routine antimalarial drug efficacy monitoring of
Cambodia’s National Malaria Control Program from 2001 to 2012, and from
studies conducted by NAMRU-2 (ExtendedData Table 4). Venous blood samples
(5ml) collected inEDTAorACDwere transported to Institut Pasteur duCambodge
in Phnom Penh within 48 h of collection at 4 uC and then kept at 220 uC until
DNA extraction. Parasite DNA was extracted from frozen blood aliquots (200ml)
using the Mini blood kit (Qiagen).
Measurement of parasite clearance half-life. Patients with uncomplicated or
severe P. falciparummalaria and initial parasite density$ 10,000ml21 were enrolled
in Pursat andRatanakiri provinces in 2009 and 2010 as described6,13. Patients were
treated with an ART and their parasite density measured every 6 h from thick
blood films until parasitaemia was undetectable. The parasite clearance half-life in
163 patients was derived from these parasite counts using WWARN’s on-line
Parasite Clearance Estimator (http://www.wwarn.org/toolkit/data-management/
parasite-clearance-estimator). The study is registered atClinicalTrials.gov (number
NCT00341003).
Whole-genome sequencing of parasite DNA. Whole-genome sequencing was
performedonF32-Tanzania, F32-TEM, theF32-ART5 lineage (4 time-points), three
reference strains (3D7, 89F5 and K1992) and 21 parasite isolates from Cambodia,
using an Illuminapaired-reads sequencing technology. Illumina librarypreparation
and sequencing followed standard protocols developed by the supplier. Briefly,
genomic DNA was sheared by nebulization, and sheared fragments were end-
repaired and phosphorylated. Blunt-end fragments were A-tailed, and sequencing
adapters were ligated to the fragments. Inserts were sized using Agencourt
AMPure XP Beads (6 500 bp; Beckman Coulter Genomics) and enriched using
10 cycles of PCR before library quantification and validation. Hybridization of the
library to the flow cell and bridge amplificationwas performed to generate clusters,
and paired-end reads of 100 cycles were collected on a HiSeq 2000 instrument
(Illumina). After sequencing was complete, image analysis, base calling and error
estimation were performed using Illumina Analysis Pipeline version 1.7.
Raw sequence files were filtered using Fqquality tool, a read-quality filtering
software developed by N. Joly, which enables the trimming of the first and last
low-quality bases in reads. The trimmed reads from controlled Fastq files were
mapped on a reference genome (P. falciparum 3D7) with the Burrows-Wheeler
Alignment (BWA), generating a BAM file (a binary file of tab-delimited format
SAM).Next, we used Samtools to prepare a pileup file, whichwas formatted using
in-house software to implement the data into the Wholegenome Data Manager
(WDM) database (Beghain et al., in preparation). WDM software is designed to
compare and/or align partial or whole P. falciparum genomes.
Sequencing genes containing non-synonymous SNPs in F32-ART5. PCR amp-
lification of selected genes was performed using the primers listed in Extended
Data Table 1. Two ml of DNA was amplified with 1 mM of each primer, 0.2 mM
dNTP(Solis Biodyne), 3mMMgCl2 and 2UTaqDNApolymerase (Solis Biodyne),
using the following cycling program: 5min at 94 uC, then 40 cycles of 30 s at 94 uC,
90 s at 60 uC, 90 s at 72 uC and final extension 10min at 72 uC. PCR products were
detected by 2%agarose gel electrophoresis and ethidiumbromide staining.Double-
strand sequencing of PCRproductswas performedby BeckmanCoulterGenomics.
Sequences were analysed with MEGA 5 software version 5.10 in order to identify
specific SNP combinations.
Sequencing theK13-propeller domain.TheK13-propellerdomainwas amplified
using the followingprimers: for theprimaryPCR(K13-159-cggagtgaccaaatctggga-39
and K13-4 59-gggaatctggtggtaacagc-39) and the nested PCR (K13-2 59-gccaagctg
ccattcatttg -39 and K13-3 59-gccttgttgaaagaagcaga -39). Oneml of DNA was amp-
lified with 1 mMof each primer, 0.2 mM dNTP (Solis Biodyne), 3 mMMgCl2 and
2 U Taq DNA polymerase (Solis Biodyne), using the following cycling program:
5 min at 94 uC, then 40 cycles of 30 s at 94 uC, 90 s at 60 uC, 90 s at 72 uC and final
extension 10min at 72 uC. For the nested PCR, 2ml of primary PCR products were
amplified under the sameconditions, except for theMgCl2 concentration (2.5mM).
PCR products were detected using 2% agarose gel electrophoresis and ethidium
bromide staining. Double-strand sequencing of PCR products was performed by
Macrogen. Sequences were analysedwithMEGA5 software version 5.10 to identify
specific SNP combinations.
Deep-sequencing of clinical parasite isolates and population structure ana-
lysis. DNA extraction, Illumina sequencing and SNP genotyping of clinical para-
site isolates obtained from malaria patients in Pursat and Ratanakiri provinces,
Cambodia, have beenpreviously described15. Population structure analysis of these
parasites identified four subpopulations: KH1, KH2, KH3 andKH4. Parasites with
,80% ancestry from any of these four groups were deemed admixed (KHA).
Temporal acquisition of mutations in the F32-ART5 lineage. The F32-ART5
lineage was explored by whole-genome sequencing using samples collected at
time 0 (original F32-Tanzania clonal line), day 196 (0.2-mMpressure cycle no. 23),
day 385 (1.8-mMpressure cycle no. 39), day 618 (9-mMpressure cycle no. 56) and
day 2,250 (9-mM pressure cycle no. 120). The F32-TEM sample was collected
on day 2,250. Additional samples collected at the time of the 30th, 33rd, 34th,
36th, 68th and 98thpressure cycleswere studied byPCR.DNA fromparasite cultures
was extracted using the High Pure PCR Template Preparation Kit (Roche Dia-
gnostics) according to the manufacturer’s instructions.
The F32-ART5 samples tested in the ring-stage survival assay (RSA0–3 h) were
collected at the time of the 17th, 48th and 122nd pressure cycles (0.04, 2.7 and
9 mM ART), respectively. The F32-TEM sample was collected at the last mock
pressure cycle. The RSA0–3 h survival rates were determined in triplicate experi-
ments with different batches of red blood cells, and evaluated as above using
Giemsa-stained thin smears read by two independent microscopists (B.W. and
F.B.-V.). Survival rates were compared usingMann–WhitneyU test. The RSA0–3h
survival rates of the F32-ART5 sampleswere as follows: at drug-pressure cycles: no.
17 (n5 3, median 0%, IQR 0–0.07), no. 48 (n5 3, median 11.7%, IQR 10.3-14.6;
P5 0.04 for no. 17 versus no. 48, Mann–Whitney U test) and no. 122 (n5 3,
median 12.8%, IQR 10.6-14.5, P5 0.04 and P5 0.82 for no. 17 versus no. 122
andno. 48 versus no. 122). The RSA0–3h survival rate of the F32-TEM linewas also
determined in triplicate experiments (n5 3, median 0%, IQR 0-0.05, P5 0.81 for
TEM versus no. 17, Mann–Whitney U test).
Prevalence ofK13-propellermutations in 886clinical parasite isolates collected
in six Cambodian provinces in 2001–2012. The K13-propeller was genotyped by
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sequencing PCR products amplified from 886 archived blood samples. The num-
ber of samples analysed from each province each year is indicated in Fig. 3. Fisher’s
exact test was used to compare the frequency of isolates harbouring awild-typeK13-
propeller sequence in each province over time. A significant decrease of the fre-
quency of thewild-typeK13-propeller allelewas observed in thewestern provinces
during the decade. In Pailin, it decreased from30.0% in 2001–2002 (12/40) to 4.8%
in 2011–2012 (4/84),P5 0.0002, in Battambang from71.9% in 2001–2002 (46/64)
to 7.0% in 2011–2012 (5/71), P, 1026, in Pursat from 50.0% in 2003–2004 (5/10)
to 10.5% in 2011–2012 (2/19), P5 0.03; and in Kratie from 93.3% in 2001–2002
(14/15) to 29.4% in 2011–2012 (5/17), P5 0.0003. Significant decreases in wild-
type allele frequencywere not observed inPreahVihear (from92.6% in 2001–2002
(25/27) to 84.2% in 2011–2012 (16/19), P5 0.63); or Ratanakiri (from 96.4% in
2001–2002 (54/56) to 94.3% in 2011–2012 (33/35), P5 0.63). The frequency of
C580Y increased in Pailin from 45.0% (18/40) in 2001–2002 to 88.1% (74/84) in
2011–2012 (P, 1026), and in Battambang from 7.8% (5/64) in 2001–2002 to
87.3% (62/71) in 2011–2012 (P, 1026) indicating its rapid invasion of the popu-
lation and near fixation in these provinces.
Three-dimensional structuremodelling of the K13-propeller.The 3D-structural
model of the kelch propeller domain of PF3D7_1343700 (‘K13-propeller’) was
obtained by homology modelling satisfying spatial restraints using Modeller
v9.11 (http://modbase.compbio.ucsf.edu). The 295 amino acids composing the
K13-propeller are 22%, 25% and 25% identical to the kelch propeller domain of
the human KEAP1 (Protein Data Bank (PDB; http://www.rcsb.org/) 2FLU),
KLHL12 (PDB 2VPJ) and KLHL2 (PDB 2XN4) proteins, respectively, that were
used as templates tomodel the 3D-structure of the K13-propeller. The reliability of
the obtained model was assessed using two classical criteria. First, the significance
of the sequence alignment between the K13-propeller domain and one template
was confirmed by an E-value5 0, as calculated byModeller using the Built-Profile
routine. Second, the model achieved a GA341 model score5 1 (a score$ 0.7
corresponds to highly reliable models). Localization of the mutants in the K13-
propeller 3D-model was prepared using the PyMOLMolecular Graphics System,
version 1.5.0.4 (Schro¨dinger; http://www.pymol.org).
Statistical analysis. Data were analysed with Microsoft Excel and MedCalc ver-
sion 12. Quantitative data were expressed as median, interquartile range (IQR).
The Mann–Whitney U test (independent samples, two-sided) was used to com-
pare two groups, and the Kruskal–Wallis test (H-test, two-sided) was used to
compare more than two groups. The Spearman’s rho rank correlation coefficient
(and the 95% confidence interval for the correlation coefficient) was used to
measure the strength of relationship between the prevalence of wild-type K13-
propeller allele and the frequency of day 3 positivity (defined as persistence of
microscopically detectable parasites on the third day of artemisinin-based com-
bination therapy)2. Fisher’s exact test was used to compare frequency data and the
Clopper–Pearsonexactmethodbasedon thebeta distributionwasused todetermine
95% confidence intervals for proportions. Differences were considered statistically
significant when P values were less than 0.05.
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ExtendedData Figure 1 | SNP-calling algorithm and sequence and coverage
of SNPs. a, SNP-calling algorithm of the whole-genome sequence comparison
of F32-ART5 and F32-TEM. b, Sequence and coverage of SNPs in seven
candidate genes differing in F32-TEM and F32 ART5.
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Extended Data Figure 2 | Geographic distribution of K13-propeller alleles
in Cambodia in 2011–2012. Pie charts show K13-propeller allele frequencies
among 300 parasite isolates in ten Cambodian provinces. Pie sizes are
proportional to the number of isolates and the different alleles are colour-coded
as indicated. The frequencies (95% confidence interval) of mutant K13-
propeller alleles are: Pailin (95%, 88–99, n5 84), Battambang (93%, 87–99,
n5 71), Pursat (89%, 67–99, n5 19), Kampot (83%, 52–98, n5 12), Kampong
Som (71%, 29–96, n5 7), Oddar Meanchey (76%, 58–89, n5 33), Preah
Vihear (16%, 3–40, n5 19), Kratie (71%, 44–90, n5 17), Mondulkiri (67%,
9–99, n5 3) and Ratanakiri (6%, 1–19, n5 35).
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Extended Data Figure 3 | Correlation between the frequency of wild-type
K13-propeller alleles and the prevalence of day 3 positivity after ACT
treatment in eight Cambodian provinces. The frequency of day 3 positivity is
plotted against the frequency of wild-type K13-propeller alleles. Data are
derived from patients treated with an ACT for P. falciparummalaria in 2010–
2012 in eight Cambodian provinces (Extended Data Figure 2): Pailin (n5 86,
2011WHO therapeutic efficacy study, artesunate-mefloquine); Pursat (n5 32,
2012 WHO therapeutic efficacy study, dihydroartemisinin-piperaquine);
Oddar Meanchey (n5 32, 2010 NAMRU-2 therapeutic efficacy study,
artesunate-mefloquine); Kampong Som/Speu (n5 7, 2012 WHO therapeutic
efficacy study, dihydroartemisinin-piperaquine); Battambang (n5 18,
2012 WHO therapeutic efficacy study, dihydroartemisinin-piperaquine);
Kratie (n5 15, 2011 WHO therapeutic efficacy study, dihydroartemisinin-
piperaquine); Preah Vihear (n5 19, 2011 WHO therapeutic efficacy study,
dihydroartemisinin-piperaquine); Ratanakiri (n5 32, 2010 WHO therapeutic
efficacy study, dihydroartemisinin-piperaquine). Spearman’s coefficient of
rank correlation (8 sites): r5 20.99, 95% confidence interval 20.99 to 20.96,
P, 0.0001.
ARTICLE RESEARCH
Macmillan Publishers Limited. All rights reserved©2013
Extended Data Figure 4 | Schematic representation of homology between
P. falciparum K13 and human KEAP1 proteins and structural 3Dmodel of
the K13-propeller domain. a, Schematic representation of the predicted
PF3D7_1343700 protein and homology to human KEAP1. Similar to KEAP1,
PF3D7_1343700 contains a BTB/POZ domain and a C-terminal 6-blade
propeller, which assembles kelch motifs consisting of four anti-parallel beta
sheets. b, Structural 3D model of the K13-propeller domain showing the six
kelch blades numbered 1 to 6 from N to C terminus and colour-coded as in
Supplementary Fig. 1. The level of amino-acid identity between the K13-
propeller and kelch domains of proteins with solved 3D structures, including
human KEAP146,47, enabled us to model the 3D structure of the K13-propeller
and to map the mutations selected under ART pressure (Extended data
Table 5). The accuracy of the K13-propeller 3D model was confirmed by
Modeller-specific model/fold criteria of reliability (see Methods). We predict
that the K13-propeller folds into a 6-bladed b-propeller structure48 closed by
the interaction between a C-terminal beta-sheet and the N-terminal blade46,48.
The first domain has three b-sheets, the fourth one being contributed by an
extra C-terminal b-sheet called b’1 in Supplementary Fig. 1. The human
KEAP1 kelch propeller scaffold is destabilized by a variety of mutations
affecting intra- or inter-blade interactions in human lung cancer46 and
hypertension47. The positions of the various mutations are indicated by a
sphere, colour-coded as in Figs 2–4. The M476 residue mutated in F32-ART5
is indicated in dark grey. Like the mutations observed in human KEAP146,47,
many K13-propeller mutations are predicted to alter the structure of the
propeller or modify surface charges, and as a consequence alter the biological
function of the protein. Importantly, the twomajormutations C580Y (red) and
R539T (blue) observed in Cambodia are both non-conservative and located
in organized secondary structures: a b-sheet of blade 4 where it is predicted to
alter the integrity of this scaffold and at the surface of blade 3, respectively. The
kelch propeller domain of KEAP1 is involved in protein–protein interactions
like most kelch containing modules43. KEAP1 is a negative regulator of the
inducible Nrf2-dependent cytoprotective response, sequestering Nrf2 in
the cytoplasm under steady state. Upon oxidative stress, the Nrf2/KEAP1
complex is disrupted, and Nrf2 translocates to the nucleus, where it induces
transcription of cytoprotective ARE-dependent genes49,50. We speculate that
similar functions may be performed by PF3D7_1343700 in P. falciparum, such
that mutations of the K13-propeller impair its interactions with an unknown
protein partner, resulting in a deregulated anti-oxidant/cytoprotective
response. The P. falciparum anti-oxidant response is maximal during the late
trophozoite stage, when haemoglobin digestion and metabolism are highest51.
Its regulation is still poorly understood and no Nrf2 orthologue could be
identified in the Plasmodium genome.
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ExtendedData Table 1 | Sequence of the primers used to amplify the genes containing nonsynonymous single-nucleotide polymorphisms in
F32-ART5
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Extended Data Table 2 | Description of the eight nonsynonymous, single-nucleotide polymorphisms acquired in the F32-ART5 compared
to the F32-TEM lineage during an effective 5-year discontinuous exposure to increasing concentrations of artemisinin
#3D7-type sequence; the same codon sequence is also observed in the parental F32-Tanzania line.
*Artemisinin (ART) dose used for selection during the corresponding drug-pressure cycle.
aGenes found in the chromosomal location of top-ranked signatures of selection in ref. 16.
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Extended Data Table 3 | Reported characteristics of the genes mutated in F32-ART5 parasites
PF3D7_0110400 (PFA0505c), is a two-exon gene, codes for the RNA Polymerase II subunit 9 (RPB9), a small integral Pol II subunit, which is 
highly conserved among eukaryotes. The yeast RPB9 ortholog has been shown to have a role in assuring the fidelity of transcription in vivo. 
Deletion of the gene results in error-prone transcription52. The protein has a predicted zinc ribbon domain similar to the zinc ribbon domain of 
TFIIS (RNA Polymerase II elongation factor) that contains the essential catalytic Asp-Glu dipeptide53. Very little is known on the protein in 
Plasmodia, although the gene is expressed and the protein is present in blood stages (www. plasmodb.org). It is difficult to make any prediction on 
the possible phenotypic consequences of the D56V mutation, which is located in a Plasmodium-specific, well-conserved domain. 
  
PF3D7_1343700 (PF13_0238), is a one-exon gene (called here K13) that codes for a putative kelch protein. K13 has a predicted 3-domain 
structure, with an approx. 225 residue long, Plasmodium-specific and well conserved N-terminal domain, followed by a BTB/ POZ domain and a 6-
blade C-terminal propeller domain formed of canonical kelch motifs43,48. Little is known about the protein in malaria parasites. Proteomics data 
indicate that it is produced by asexual (trophozoites, schizonts, merozoites and rings) and sexual blood stages (gametocytes) of P. falciparum, and 
that it possesses phosphorylated residues in the N-terminal Plasmodium-specific domain (www. plasmodb.org). The M476I mutation is located 
between the first and second blade of the propeller domain. 
 
PF3D7_0213400 (PFB0605w), is a four-exon gene that codes for protein kinase 7 (PK7) expressed during the asexual blood stage development, 
in gametocytes and ookinetes. The E104 stop mutation (two SNPs affecting the same codon) observed in F32-ART5 interrupts the gene resulting 
in a truncated putative translation product lacking more than 2/3 of its sequence. Studies with genetically inactivated parasites have shown that 
PK7-KO P. falciparum parasites have an asexual growth defect due to a reduced number of merozoites per schizont54. Furthermore, PK7 is 
important for mosquito transmission, with a collapsed number of ookinetes in P. falciparum54 and in P. berghei, where no sporoblasts and 
consequently no sporozoites are formed55. This transmission defective phenotype is unlikely to survive in the field.   
 
PF3D7_1115700 (PF11_0165), is a one-exon gene that codes for falcipain 2a, a cysteine proteinase produced by maturing blood stages 
(trophozoites and schizonts) and involved in hemoglobin degradation56. The S69stop mutation located in the pro-enzyme region precludes 
expression of an active enzyme by F32-ART5 parasites. Gene inactivation has shown to induce a transient reduction of hemoglobin degradation 
compensated by expression of other members of the cysteine proteinases family, with minimal impact on growth rate57,58. However, falcipain 2a is 
the only gene from the list of seven affected loci that has been associated with the in vitro response to artemisinin. Indeed, it has been 
convincingly shown that inhibition of falcipain2a-dependent hemoglobin digestion by specific inhibitors or by gene inactivation reduced parasite 
susceptibility to artemisinins19. Moreover, ring stages that do not massively digest hemoglobin display a reduced susceptibility to artemisinins59. 
 
PF3D7_1302100 (PF13_0011), is a one-exon gene that codes for the gamete antigen 27/25 (Pfg27) produced at the onset of gametocytogenesis. 
The gene is specific to P. falciparum and its close relatives such as P. reichnowi. This is an abundant, dimeric phosphorylated cytoplasmic protein 
that binds RNA. The various KO lines generated display conflicting phenotypes some being deficient in gametocyogenesis60, while other Pfg27-
defective lines undergo unimpaired gametocytogenesis up to stage V, mature gametocytes although absence of Pfg27 is associated with 
abnormalities in intracellular architecture of gametocytes61. The crystal structure shows that the protein forms a dimer, displays a particular RNA 
binding fold and possesses two Pro-X-X-Pro motifs (known ligands for various domains, including SH3 modules), which combine to form a 
receptacle for SH3 modules62. The P201T mutation is located in the C-terminal ProX-X-Pro motif and predicted to alter the spatial structure of the 
interaction domain and thus have functional consequences.  
 
PF3D7_1459600 (PF14_0569), is a two-exon gene that codes for a 806 residue-long, conserved protein of unknown function. The P. yoelii 
ortholog has been annotated as the CAAT-box DNA binding subunit B. Close orthologs can be found only among the Plasmodium species. 
Proteomics data indicate that the protein is present in asexual (trophozoites, schizonts, merozoites and rings) and sexual (gametocytes) blood 
stages of P. falciparum. A predicted approx. 130 aa-long Interpro domain suggests presence of an N-terminal multi-helical, alpha-alpha 2-layered 
structural VHS fold, possibly involved in intracellular membrane trafficking. The rest of the coding sequence carries no specific domain signature. 
The S299T mutation is located within this "unknown" region. 
 
PF3D7_1464500 (PF14_0603), is a five-exon gene that codes for a 3251 residue-long protein of unknown function, with 4 predicted trans-
membrane domains, but otherwise no specific domain signature. Apart from proteomics data indicating its expression and phosphorylation in 
schizonts, with possible expression in gametocytes and sporozoites as well, little is known about its putative function. The N1629S mutation is 
located in the middle of the protein, with unpredictable phenotypic impact.  
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Extended Data Table 4 | Geographic origin and year of collection of archived blood samples studied for K13-propeller polymorphism
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Extended Data Table 5 | Polymorphisms observed in the K13-propeller in Cambodian P. falciparum isolates collected in 2001–2012 and in
The Gambia (ref. 42)
*Observed in F32-ART5, not observed in Cambodia
**Reported in The Gambia42, not observed in Cambodia
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Extended Data Table 6 | Association between polymorphisms observed in the K13-propeller and KH subpopulations (ref. 15) in 150 P.
falciparum isolates collected in 2009–2010 in Pursat (n5103) and Ratanakiri (n547) provinces, Cambodia
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BACKGROUND
Recent gains in reducing the global burden of malaria are threatened by the emergence of 
Plasmodium falciparum resistance to artemisinins. The discovery that mutations in portions 
of a P. falciparum gene encoding kelch (K13)–propeller domains are the major determinant 
of resistance has provided opportunities for monitoring such resistance on a global scale.
METHODS
We analyzed the K13-propeller sequence polymorphism in 14,037 samples collected in 
59 countries in which malaria is endemic. Most of the samples (84.5%) were obtained 
from patients who were treated at sentinel sites used for nationwide surveillance of 
antimalarial resistance. We evaluated the emergence and dissemination of mutations 
by haplotyping neighboring loci.
RESULTS
We identified 108 nonsynonymous K13 mutations, which showed marked geographic 
disparity in their frequency and distribution. In Asia, 36.5% of the K13 mutations were 
distributed within two areas — one in Cambodia, Vietnam, and Laos and the other in 
western Thailand, Myanmar, and China — with no overlap. In Africa, we observed a 
broad array of rare nonsynonymous mutations that were not associated with delayed 
parasite clearance. The gene-edited Dd2 transgenic line with the A578S mutation, which 
expresses the most frequently observed African allele, was found to be susceptible to 
artemisinin in vitro on a ring-stage survival assay.
CONCLUSIONS
No evidence of artemisinin resistance was found outside Southeast Asia and China, 
where resistance-associated K13 mutations were confined. The common African A578S 
allele was not associated with clinical or in vitro resistance to artemisinin, and many 
African mutations appear to be neutral. (Funded by Institut Pasteur Paris and others.)
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Increased efforts have substantially reduced the global burden of malaria caused by Plasmodium falciparum,1,2 but the recent gains 
are threatened by emerging resistance to arte-
misinins, the cornerstone of current first-line 
combination treatment.1,3,4 Artemisinins are ac-
tive against a large range of intraerythrocytic 
developmental stages, but their usefulness is cur-
tailed by ring-stage resistance.5,6 Clinical arte-
misinin resistance, which was first documented 
in western Cambodia,7-10 is now prevalent across 
Southeast Asia and South China.11-17 Widespread 
artemisinin resistance would have dramatic con-
sequences, since replacement therapies are lim-
ited and threatened by resistance.18-22
Therapeutic efficacy studies are the standard 
method for determining the efficacy of anti-
malarial drugs,23 but resource constraints restrict 
the numbers of sites and patients studied each 
year. The recent discovery of mutations in por-
tions of a P. falciparum gene encoding kelch 
(K13)–propeller domains as the primary deter-
minant of artemisinin resistance provided un-
precedented opportunities for improving resis-
tance monitoring.24,25 To date, 13 independent 
K13 mutations have been shown to be associated 
with clinical resistance,3,12,14,26-28 with evidence of 
independent emergence of the same mutation in 
different geographic areas.28,29 Four Asian muta-
tions (C580Y, R539T, I543T, and Y493H) have 
been validated in vitro.24-27 In regions with no 
documented clinical artemisinin resistance, scat-
tered studies have indicated that K13 mutations 
are rare.30-41 The few examples of reduced sus-
ceptibility to artemisinin-based combination ther-
apy that have been reported in Africa were unre-
lated to K13 polymorphism, apart from three 
severe pediatric cases.42-44 No data are available 
for large regions of Africa, South America, 
Oceania, Central and East Asia, Indonesia, and 
the Philippines. The risk of the emergence or 
dissemination of resistance has spurred increased 
efforts to track artemisinin resistance in all geo-
graphic areas in which malaria is endemic. The 
use of a molecular indicator of artemisinin resis-
tance is particularly timely, since rapid, large-
scale screening is needed to provide an early 
warning about emergence or invasion events.45,46
To assess the global distribution of K13 poly-
morphisms, we launched in 2014 the K13 Arte-
misinin Resistance Multicenter Assessment 
(KARMA) study, in which we analyzed parasites 
that were collected from regions in which ma-
laria is endemic, using a dedicated molecular 
toolbox and validation procedures for sequence 
data. Sequencing of the K13-propeller domain 
was combined with an analysis of flanking haplo-
types to ascertain the origin and dissemination 
of specific mutations. We performed genome 
editing to confirm the phenotypic effect of the 
most frequent African A578S mutation. This 
worldwide survey was designed to provide criti-
cal information for drug policymakers and to 
outline methods for future surveillance activities.
Me thods
Study Design, Sampling, and Oversight
Investigators from Institut Pasteur in Paris and 
in Cambodia designed the study, which was co-
ordinated by the Cambodian branch. According 
to the study design, the investigators planned to 
analyze 200 blood samples positive for P. falci-
parum that had been collected since 2012 and to 
contribute blood samples, K13 products obtained 
on polymerase-chain-reaction (PCR) assay, or K13 
sequence data (Fig. S1 in the Supplementary Ap-
pendix, available with the full text of this article 
at NEJM.org). Sites that had few available sam-
ples or samples that were collected before 2012 
were included if they were located in regions in 
which K13 diversity had not been documented. 
The study was approved by a national or institu-
tional ethics committee or other appropriate au-
thority at each site, and all investigators signed 
a declaration of ethical clearance.
Samples were obtained from patients seeking 
treatment at sites involved in national surveys 
of antimalarial drug resistance, from patients 
enrolled in therapeutic efficacy studies,23 from 
asymptomatic participants who were enrolled in 
surveillance programs, and from travelers re-
turning to Europe with malaria. Investigators 
at Institut Pasteur in Cambodia collected all bio-
logic material and performed K13 sequence and 
haplotype analysis; they also conducted quality-
control analyses, and they vouch for the accuracy 
and completeness of the molecular data. Investi-
gators who conducted therapeutic efficacy studies 
vouch for the accuracy and completeness of the 
clinical data. The sponsors had no role in the 
study design or in the collection or analysis of 
the data. There was no confidentiality agreement 
between the sponsors and the investigators.
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Genotyping
The Institut Pasteur in Cambodia provided re-
agents, blinded quality-control samples, and 
standard operating procedures as a K13 toolbox 
(Table S1 in the Supplementary Appendix). DNA 
extraction and amplification of the K13-propeller 
domain (codons 440-680, 720 bp)24 were per-
formed accordingly. PCR products were sequenced 
by Macrogen. We analyzed electropherograms on 
both strands, using PF3D7_1343700 as the refer-
ence sequence. We performed external quality 
assessment that included proficiency testing (in 
which 6 blinded quality-control samples were 
tested in each 96-well sequencing plate by each 
partner) and external quality control (in which 
359 blood samples [2.6%] were independently re-
tested) (Fig. S2 in the Supplementary Appendix). 
Isolates with mixed alleles were considered to be 
mutated for the purposes of mutation-frequency 
estimation.
The PF3D7_1337500 (K13_151) and 
PF3D7_1339700 (K13_159) loci were amplified 
(Table S2 in the Supplementary Appendix) and 
DNA sequences were analyzed as indicated above. 
Individual alleles were identified for each locus 
and haplotypes generated.
A578S Gene Editing
We performed zinc-finger nuclease engineering, 
plasmid construction, and gene editing of the 
Dd2 line (which was collected in Indochina) 
with the A578S mutation.25 We assessed the in 
vitro susceptibility to artemisinin of the Dd2 
A578S mutation, the Dd2 parent, and the Dd2 
C580Y mutation (as a positive control), using the 
ring-stage survival assay (RSA) performed in red 
cells that had been infected with the malaria 
parasite in its ring stage (the developmental 
stage that is associated with resistance to arte-
misinin) for an estimated 0 to 3 hours. The cells 
were then exposed to dihydroartemisinin (the 
main metabolite of all artemisinin derivatives), 
and drug susceptibility was measured at 72 
hours.5,25
Geographical Mapping
We calculated the proportion of parasites with a 
3D7, wild-type allele (which is associated with 
artemisinin susceptibility) in each country and 
recorded the geospatial coordinates. To generate 
graphical maps, we interpolated data using ordi-
nary kriging methods (or Gaussian process re-
gression) or inverse distance weighting. (Details 
about the methods are provided in the Supple-
mentary Appendix.)
Statistical Analysis
We expressed quantitative data as medians and 
interquartile ranges or as means and 95% confi-
dence intervals. We used the Mann–Whitney test 
or t-tests of independent samples to compare 
continuous variables and the chi-square test or 
Fisher’s exact test to compare categorical vari-
ables. We obtained estimates of nucleotide diver-
sity,47 haplotype diversity,48 and Tajima’s D test49 
using DnaSP software, version 5.50 All reported P 
values are two-sided, and a P value of less than 
0.05 was considered to indicate statistical signifi-
cance. Data were analyzed with the use of Micro-
soft Excel and MedCalc software, version 12.
R esult s
Sample Collection
From May through December 2014, we gathered 
14,037 samples from 163 sites in 59 countries. 
The samples included 11,854 (84.4%) from resi-
dent malaria patients in 40 countries, 1232 (8.8%) 
from residents with asymptomatic infections in 
11 countries, and 951 (6.8%) from travelers re-
turning with falciparum malaria from 40 coun-
tries (Fig. S3 in the Supplementary Appendix). 
The samples included those obtained from 2450 
patients with malaria (2367 residents and 83 
travelers) for whom follow-up data on day 3 were 
available (Table S3 in the Supplementary Appen-
dix). We collected 4156 samples in 2012, 6440 
samples in 2013, and 1671 samples in 2014 
(>87% of all samples). Data regarding sample 
size, sex ratio, age, and parasitemia ranges ac-
cording to study site are provided in Table S4 in 
the Supplementary Appendix.
K13-Propeller Sequence Polymorphisms
Sequences were generated for 13,157 (93.7%) 
samples; 880 samples from 35 sites had sequenc-
es that could not be interpreted because of poor 
quality or an insufficient quantity of DNA. 
Nearly all the samples (99.2%) contained a sin-
gle K13 allele; 108 of 111 polyclonal infections 
were identified in samples obtained in Africa. 
The minor allele in a mixed sample was detected 
when its proportion was more than 20% (Fig. S4 
in the Supplementary Appendix).
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Overall, 1250 samples (9.5%) had 1295 K13 
mutations, including 1097 (84.7%) with nonsyn-
onymous mutations and 198 (15.3%) with synony-
mous mutations; 186 alleles were identified 
(Table S5 and Fig. S5 in the Supplementary Ap-
pendix). Among these alleles, there were 108 
nonsynonymous mutations, of which 70 were 
newly identified and 38 were among 103 that 
had been reported previously.12,14,17,24,28,31-35,37-40,51-57
Only 9 nonsynonymous mutations (C580Y, F446I, 
R539T, A578S, Y493H, P574L, P553L, N458Y, and 
R561H) had a frequency of more than 1%; 72 
alleles were observed only once (Tables S6 and 
S7 in the Supplementary Appendix).
There was marked geographic disparity in the 
proportion and distribution of K13 polymor-
phisms. We measured nucleotide diversity, haplo-
type diversity, and Tajima’s D ratio to highlight 
the continent-specific frequency of mutant alleles 
(Fig. S6 in the Supplementary Appendix). Of the 
1097 nonsynonymous mutations, 957 (87.2%) 
were observed in samples obtained in Asia, and 
169 of the 198 synonymous mutations (85.4%) 
were observed in samples obtained in Africa.
 Continental Distribution and Proportion 
of K13-Propeller Mutations
The proportion of K13 nonsynonymous muta-
tions was heterogeneous in Asia, ranging from 
fixed (>95%) to very high (80 to 94%) in western 
Cambodia (Fig. S7 in the Supplementary Appen-
dix), to intermediate (40 to 50%) in Myanmar and 
Vietnam, to moderate (10 to 20%) in eastern Cam-
bodia, Thailand, China, and Laos, to low (<5%) 
elsewhere (Fig. 1). In South America, Oceania, 
and Africa, K13 nonsynonymous mutations were 
uncommon, except for a few African countries 
(range, 3.0 to 8.3% in Gambia, Central African 
Republic, Zambia, Comoros, Guinea, Kenya, 
and Chad). K13 nonsynonymous mutations were 
not detected in 27 countries from which sam-
ples were obtained (19 in Africa, 2 in Asia, 1 in 
Oceania, and 5 in South America), as shown on 
maps of wild-type allele distribution (Fig. 2).
Individual K13 nonsynonymous mutations 
showed restricted geographic localization. In 
Asia, two distinct areas were identified, with 
different frequencies of individual mutations: 
one area that includes Cambodia, Vietnam, and 
Laos, where C580Y, R539T, Y493H, and I543T 
mutations were frequent or specific, and a second 
area that includes western Thailand, Myanmar, 
and China, where F446I, N458Y, P574L, and R561H 
mutations were specific (Fig. S8 in the Supple-
mentary Appendix). The P553L allele was distrib-
uted in the two areas (Fig. 3).
Figure 1. K13 Nonsynonymous Mutations, According to Country and Continent.
Shown are the percentages of nonsynonymous mutations that have been 
identified in the portion of the Plasmodium falciparum K13 gene encoding 
the kelch­propeller domain in Asia, Africa, South America, and Oceania. 
Synonymous mutations that do not modify the protein sequence are not 
indicated. At present, all the mutations that have been associated with re­
sistance to artemisinin derivatives have resulted in nonsynonymous amino 
acid changes. The black circles indicate medians and the I bars interquar­
tile ranges for each continent. K13 nonsynonymous mutations were not de­
tected in 27 countries from which samples were obtained (19 in Africa, 2 in 
Asia, 1 in Oceania, and 5 in South America). Names are not shown (owing 
to a lack of space) for the following countries: in Asia: Afghanistan, Iran, 
Bangladesh, Nepal, Indonesia, and Philippines; in Africa: Cameroon, Congo, 
Democratic Republic of Congo, Equatorial Guinea, Gabon, Burundi, Ethio­
pia, Rwanda, Sudan, South Sudan, Somalia, Tanzania, Uganda, Madagascar, 
Angola, Malawi, Mozambique, South Africa, Zimbabwe, Benin, Burkina Faso, 
Ghana, Guinea Bissau, Ivory Coast, Liberia, Mali, Mauritania, Niger, Nigeria, 
Senegal, Sierra Leone, and Togo; in South America: Brazil, Colombia, Ecua­
dor, French Guiana, Peru, and Venezuela; and in Oceania: Papua New Guin­
ea and Solomon Islands. The percentages for Chad and Gambia were de­
rived from a sample size of less than 50. Details regarding sampling and 
K13 diversity according to country are provided in Tables S4, S5, and S7 
and Fig. S3 in the Supplementary Appendix. CAR denotes Central African 
Republic.
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Figure 2. Frequency Distribution of the Wild-Type K13 Allele.
Shown are the distributions of the wild­type K13 allele in Asia (Panel A) and around the world (Panel B). Areas in which malaria is endemic 
are shaded in gray, and areas that are considered to be malaria­free are shown in white. The mean frequency of the wild­type allele is indi­
cated by the color code. In Panel A, the individual sites of sample collection are indicated with a cross. In Panel B, a 100­km radius was 
used for the area centered on each sampling site or on the capital city of the country if no specific site was used for sampling. Data re­
garding sampling methods and K13 diversity according to country are provided in Tables S4, S5, and S7 and Fig. S3 in the Supplementary 
Appendix.
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In Africa, no Asian artemisinin-resistance al-
lele was observed among 9542 sequences, but 150 
distinct alleles were identified, 92% of which 
were found in only one or two samples. Apart 
from A578S, V589I, S522C, V534A, F583L, and 
G665C, most alleles were Africa-specific and local-
ized. A578S, which ranked fourth in abundance 
among mutant isolates, was observed in 1 sam-
ple from Thailand and 41 samples from Africa 
(Tables S6 and S7 in the Supplementary Appendix).
 New Emergence or Dissemination?
We investigated the genetic relatedness of iso-
lates harboring the same frequent K13 mutation 
by assessing the polymorphism of two neighbor-
ing loci. We observed 10 alleles for K13_151 and 
42 alleles for K13_159, which resulted in 80 
flanking haplotypes (Tables S8 and S9 in the 
Supplementary Appendix). This assessment iden-
tified numerous emergence events alongside 
spreading of a small group of mutations for 
Figure 3. Overview of the Distribution of the Flanking Haplotypes of the C580Y, Y493H, R539T, I543T, P553L, P574L, 
and F446I Nonsynonymous Mutations in K13 in Two Regions in Asia.
Shown are two areas in Asia in which individual K13 nonsynonymous mutations (which are labeled in the colored 
boxes) were frequently identified: one area that includes Cambodia, Vietnam, and Laos and a second area that in­
cludes western Thailand, Myanmar, and China. The haplotype groups of C580Y, F446I, P574L, and P553L are shown 
in distinct colors. Similarly colored boxes indicate shared haplotypes, and hatched boxes indicate the presence of 
additional country­specific haplotypes. For example, C580Y haplotypes that are shared between Cambodia, Vietnam, 
and Laos (H29, H33, or H43) are shown in red, whereas the C580Y haplotype found in Thailand (H42) is shown in 
light blue. Full details about the distribution of haplotypes are provided in Table S9 and Fig. S9 in the Supplementary 
Appendix.
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artemisinin resistance (Fig. 3). Of 17 distinct 
C580Y haplotypes, 3 common haplotypes were 
distributed across Cambodia, Vietnam, and Laos 
and 14 in specific areas of Cambodia, Thailand, 
and Vietnam. Similar observations were made 
for the Y493H, R539T, and I543T haplotypes, 
with probable west-to-east dissemination for the 
Y493H and R539T mutations and movement from 
Vietnam to eastern Cambodia for I543T muta-
tions. Three prevalent F446I haplotypes were 
distributed across Myanmar, and 8 haplotypes 
were localized within China or Myanmar. Site-
specific localization was observed for the 5 P553L 
haplotypes, the 6 P574L haplotypes, and the 
2 E605K and R561H haplotypes (Fig. S9 in the 
Supplementary Appendix). For the common 
African mutation A578S, we identified multiple 
independent events of emergence (31 different 
haplotypes among 35 isolates) (Fig. S10 in the 
Supplementary Appendix).
Testing of the A578S Allele for Artemisinin 
Resistance
We wanted to evaluate whether the A578S muta-
tion had a selective advantage against artemis-
inin, since there have been reports about a con-
flicting phenotype of the allele,12,31,36,44 which 
has been found at multiple sites in Africa and 
Asia12,31,32,34-40,57 (Table S6 and Fig. S10 in the 
Supplementary Appendix). We therefore intro-
duced the A578S mutation in the Dd2 line that 
had been used to investigate the effect of several 
Asian K13 mutations.25 The Dd2 line with the 
A578S mutation was susceptible to artemisinin on 
RSA. The survival rate (mean [±SE], 0.29±0.11%) 
was equivalent to that in the parental line (mean, 
0.14±0.03%), which was unlike the survival rate 
(mean, 4.01±0.16%) in the positive control Dd2 
line with the C580Y mutation (Fig. S11 in the 
Supplementary Appendix).
K13 Mutations and Positivity Rate
Our sampling included 2450 patients in whom 
the presence of parasites was assessed on day 3 
after 7 days of artesunate monotherapy or a stan-
dard 3-day course of artemisinin-based combi-
nation therapy. Of these patients, 121 had posi-
tive parasite results on day 3 (Table S3 in the 
Supplementary Appendix). Of 40 nonsynonymous 
mutations that were detected in isolates obtained 
from these patients, only 8 were associated with 
positivity on day 3 (F446I, N458Y, N537D, R539T, 
I543T, P553L, P574L, and C580Y); all these al-
leles were observed only in Southeast Asia and 
China (Fig. S12 in the Supplementary Appendix). 
No circulating blood-stage parasites were found 
on day 3 in samples obtained from 1533 African 
patients in 25 countries, except for 9 patients 
who were each carrying a wild-type allele. The 
9 African patients who were carrying an A578S 
allele on day 0 were parasite-free on day 3.
Discussion
In this study, we have attempted to profile the 
global distribution of K13 polymorphisms. The 
breadth of this survey, with 163 sites that were 
sampled for molecular mapping and 36 coun-
tries with data regarding therapeutic efficacy, 
led us to conclude that artemisinin resistance is 
confined to Southeast Asia and China, where 
resistance-associated K13 mutations have reached 
intermediate frequency to fixation. This status 
contrasts with the situation in South America, 
Oceania, the Philippines, and Central and South 
Asia, which are essentially free of nonsynony-
mous K13 mutations. We observed many highly 
diverse, low-frequency nonsynonymous mutations 
in Africa, although none of these mutations were 
associated with clinical artemisinin resistance, as 
assessed by the presence of parasites on day 3 
after artesunate monotherapy or 3-day treatment 
with artemisinin-based combination therapy. We 
saw no evidence of invasion of Africa by Asian 
resistance-conferring alleles, a finding that was 
consistent with the results of previous smaller 
studies.35-38,40,41,44,58,59 Finally, no positive selection 
was observed aside from that in Asia, which sug-
gests no immediate threat to artemisinin efficacy 
in most countries in which malaria is endemic.
In the two independent foci of resistance that 
have been identified in the region that includes 
Cambodia, Vietnam, and Laos and the one that 
includes western Thailand, Myanmar, and China, 
we observed many more examples of emergence 
of resistance-associated mutations than had been 
reported previously.28,29,55 This finding indicates 
that contemporary artemisinin resistance is a 
result of numerous independent emergence events 
involving the same mutations together with the 
dissemination of a small group of endemic mu-
tations (Fig. 3). The endemic mutations are 
probably the oldest ones, as suggested by an 
analysis of our archived samples, which showed 
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that all four common contemporary C580Y haplo-
types that were observed in Cambodia were 
already quite frequent 10 years earlier in Pailin 
province, the epicenter of the emergence of arte-
misinin-resistant parasites (Table S9 in the Sup-
plementary Appendix).9,10 We observed no over-
lap between the sets of mutations and haplotypes 
in the two main resistance areas in Asia, which 
suggests the presence of different selective pres-
sures in the two areas. Such differences may 
stem from the use of different artemisinin-based 
combination therapies as first-line treatment, dif-
ferent types of founder populations,29,59 or differ-
ent epidemiologic ecosystems.
To date, 13 nonsynonymous mutations have 
been associated with slow parasite clear-
ance,3,12,24,25,28,32 and 4 mutations have been vali-
dated as conferring an increased rate of ring-
stage survival in drug-resistant field isolates in 
vitro24 or in gene-edited parasite lines.45 In the 
KARMA study, 8 nonsynonymous mutations 
that were observed in Southeast Asia and China 
— F446I, N458Y, N537D, R539T, I543T, P553L, 
P574L, and C580Y — were associated with posi-
tive results on day 3, findings that were consis-
tent with data from previous studies that used 
parasite-clearance half-lives to identify artemis-
inin resistance12,14,24,26-28 and that provide further 
evidence of the positivity rate on day 3 as a 
sensitive indicator of clinical resistance to arte-
misinins.
The A578S mutation that has been commonly 
observed in Africa12,35-40,44 and detected in India,31 
Bangladesh,34 and Thailand was sensitive on in 
vitro RSAs; this finding was unrelated to positiv-
ity on day 3. Numerous events of independent 
emergence were observed with no evidence of 
dissemination. These findings are consistent with 
the sensitive phenotype of one A578S Ugandan 
parasite as seen on RSA performed ex vivo (i.e., 
in samples obtained directly from patients)36 or 
the lack of association with slow-clearing infec-
tions in earlier studies.12,31 Thus, except for one 
recent study involving a few severely ill chil-
dren,44 the available data suggest that A578S is 
not an artemisinin-resistance mutation.
Aside from nine patients who carried wild-
type K13 alleles, there was no positivity on day 3 
among African patients. This result is consistent 
with the finding that a large number of rare K13 
alleles are neutral with respect to artemisinin 
susceptibility and with the lack of evidence of 
artemisinin-driven selection on the K13 locus in 
Africa (Table S5 in the Supplementary Appen-
dix). However, clinical detection of artemisinin 
resistance in Africa is complicated by the contri-
bution of acquired immunity and maintained 
efficacy of the partner drugs (amodiaquine and 
lumefantrine) to parasite clearance.60,61 In vitro 
phenotyping with the use of RSA5 and allele-
specific genome-editing studies25 can provide im-
portant information about the potential pheno-
typic effect of nonsynonymous mutations with 
respect to artemisinin susceptibility, as we pro-
vided for A578S in this study. Similar approach-
es could be used to assess the potential effect of 
frequently observed K13 nonsynonymous muta-
tions associated with clinical artemisinin resis-
tance (e.g., F446I, N458Y, P574L, and P553L). Of 
108 nonsynonymous mutations that were detect-
ed, we observed 72 only once, which was consis-
tent with the results of earlier studies.35,37-41 The 
criteria for prioritizing further laboratory studies 
include the following: the frequent observation 
of a new allele with a nonsynonymous mutation, 
evidence of dissemination (since the absence of 
dissemination probably indicates that the muta-
tion was lost to genetic drift or intrapopulation 
competition), and preliminary association with 
clinical data whenever possible.
Some clues about the phenotypic effect of 
newly discovered mutations might also be ob-
tained from exploring specific metabolic changes 
(e.g., in phosphatidylinositol 3-phosphate levels62) 
in parasites with K13 mutations or modeling the 
consequences of the mutations on K13 protein 
structure. The recently solved BTB–POZ (broad 
complex–tramtrack–bric-a-brac–poxvirus and zinc-
finger) propeller structure of K13 protein do-
mains (UniProtKB accession number, PDB AYY8) 
showed that F446, Y493, R539, and C580 are 
located in a beta sheet of their respective kelch 
domains (Fig. S13 in the Supplementary Appen-
dix); these mutations should alter the overall 
structure (Fig. S14 in the Supplementary Appen-
dix). We predict that A578S, located in the flex-
ible junction between blade 3 and blade 4 of the 
beta sheet, has a limited effect on the propeller 
structure.
Our study has several weaknesses. First, the 
isolates that we evaluated represent only a con-
venience sample of those in the total population 
areas that we surveyed. Second, we lacked infor-
mation about regions in which malaria is en-
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demic such as India, where we needed to clarify 
the western boundary of resistance distribution. 
Third, in some countries, the numbers of avail-
able samples were small. The numbers of sites 
surveyed in East Africa, the Philippines, Indone-
sia, and South America need to be increased in 
future studies, although we could still discern 
clear geographic patterns in the distribution of 
haplotypes. Investigators should be able to im-
plement the K13 toolbox in the field. We expect 
that future surveillance will fill in the gaps of 
the existing map.
Figure 4. Algorithm for Surveillance of Artemisinin Resistance on the Basis of K13 Mutations.
Shown is a step­by­step procedure for acquiring information to help develop policies regarding the use of artemisinin­based combination 
therapy (ACT) and strategies to eliminate malaria. K13 genotyping is integrated into surveillance activities by combining clinical efficacy 
studies with in vitro susceptibility testing and is supported by gene­editing studies. The validated or confirmed K13 mutations that are 
associated with resistance to artemisinins are Y493H, R539T, I543T, and C580Y, and the associated K13 mutations are P441L, F446I, 
G449A, N458Y, P553L, R561H, V568G, P574L, and A675V.3 The validation of a K13 mutation as a resistance marker (i.e., confirmed K13 
mutation) is based on the following criteria: a significant association with delayed clearance of Plasmodium falciparum and a reduced 
drug sensitivity (survival rate, >1%) on ex vivo ring­stage survival assay (RSA) or in vitro RSA performed on field isolates, culture­adapted 
parasites, or gene­edited parasite lines, as compared with the K13 wild­type parent control. A K13 mutation is deemed to be associated 
with artemisinin resistance if it has a significant association with delayed clearance. A K13 mutation is said to be neutral if it has no sig­
nificant association with delayed clearance or reduced drug sensitivity. A new K13 mutation is one that has been never observed and 
thus does not appear in mutation databases. Recommendations regarding efficacy trials and treatment policies are provided by the 
World Health Organization (WHO).4
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In conclusion, our study clarifies how K13 
monitoring can assist future surveillance of ar-
temisinin resistance (Fig. 4). In regions where 
resistance is established, K13 sequencing can 
map its geographic distribution and invasion of 
the fringes. The dissemination of K13 mutations 
can be conveniently assessed by determining the 
identity of flanking haplotypes, as we did here, 
which provides a more accessible approach than 
whole-genome sequencing29 or microsatellite typ-
ing.55 In resistance-free areas, molecular surveil-
lance will need to detect possible invasion by 
known alleles associated with K13 resistance and 
track any temporal increase in the proportion 
and dissemination of newly identified nonsyn-
onymous mutations. This strategy should identify 
foci to be targeted for further in vitro phenotyp-
ing and therapeutic efficacy studies as well as 
for surveillance of other candidate artemisinin-
susceptibility loci.42,43 This effort can contribute 
information to characterize these areas with re-
spect to potential artemisinin resistance and 
inform treatment guidelines before large-scale 
dissemination has occurred.
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